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ABSTRACT
Catalytic hydrogenation, hydrodesulfurization, and 
hydrodenitrogenation of coal-derived liquids have been stud­
ied in a bench scale, high pressure, high temperature 
Autoclave Magne Dash stirred tank reactor. Coal-derived 
liquids were reacted in batch and continuous modes at an 
elevated temperature and pressure in the presence of cata­
lysts and hydrogen to make an upgraded liquid product. The 
following methods were used to analyze liquid feed and 
product samples: modified PERC coal-liquid characterization
method, proximate analysis, ultimate analysis, Carlo-Erba 
carbon, hydrogen, and nitrogen analysis, and LECO total sul­
fur analysis. Gas chromatography was used for gas analysis 
with some gas samples also analyzed for nitrogen content by 
microcoulometry. Carbon and hydrogen analyses were run on 
some solid samples.
The batch experiments were used to determine initial 
catalyst activities of five -200 mesh, NiMo and NiW catalysts. 
The best hydrogenation catalyst was also studied as 
a 1/16-in. extrudate in a catalyst basket. Reaction parameters 
held constant were run time, amount of catalyst, type and 
amount of liquid feed, temperature, initial pressure, and 
type of treatment gas. The NiMo catalysts had better hydro­
genation activities than the NiW catalysts. No obvious cor­
relation was evident between the metal composition of the
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catalyst or catalyst support ^nd the percent desulfurization 
of the feed. A NiW/SiAl catalyst had the best denitrogena- 
tion activity.
The continuous experiments were made to obtain the 
activity curves of a NiMo catalyst at selected conditions. 
The reaction conditions held constant were type of feed, 
liquid feed flow rate, liquid residence time, type of treat­
ment gas, gas treatment rate, bulk catalyst volume, catalyst 
size, pressure, and temperature. Liquid samples were vacuum 
stripped before sulfur and nitrogen analyses were performed. 
Feed treatment with the NiMo catalyst resulted in better 
hydrogenation, hydrodesulfurization, and hydrodenitrogena- 
tion than feed treatment without catalyst. In the blank run 
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INTRODUCTION
In terms of the current high energy consumption rate in 
the United States, oil and natural gas are limited resources.
If Americans continue to use energy at the same rate, a greater 
proportion of energy will have to be met by non-petroleum 
fuels. The large coal resources in the United States (5,000 
quadrillion Btu of economically recoverable resources and more 
than 78,000 quadrillion Btu of low grade resources) will play 
an important role in our energy supply in the future (1). 
Unfortunately, most domestic coal contains a high percentage 
of sulfur and nitrogen. ’’The Sixth Annual Report of the 
Council on Environmental Quality” (2) reports that from 1970 
through 1974 combustion of fossil fuels at stationary sources 
(residential furnaces, electrical powerplants, and industrial 
facilities) accounted for approximately 80 percent of the sul­
fur dioxide emitted and nearly one-half of the nitrogen oxides 
emitted. During this time nitrogen oxides emission increased 
approximately nine percent. In order to control air pollution, 
a code of federal regulations (3) has set minimum standards 
of performance for fossil fuel generators. Currently, the 
maximum allowable emissions for a new oil-fired power plant 
are 0.8 lb sulfur dioxide per million Btu of heating value in 
the fuel and 0.3 lb nitrogen dioxide per million Btu of heat­
ing value in the fuel. A liquefied-coal fuel with a heating 
value of 16,000 Btu per lb may contain a maximum of 0.64 weight 
percent sulfur and 0.31 weight percent nitrogen by these 
standards.
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In coal-derived liquids sulfur exists in four forms: pyritic
(FeS), sulfate (FeSO^, other mineral sulfates), sulfides 
(FeS^), and organic sulfur. Commonly found organic sulfur 











5) 0 sulphones, where R may represent
R - S - O - R  a phenyl, saturate or unsaturate
0 organic compounds
To meet the emission standards heteroatoms may be removed 
by catalytic hydrogenation. In past catalytic hydrodenitro­
genation studies NiMo and NiW metals on SiAl or A1 supports 
seemed to have the highest activities (4,5,6,7). Most of this 
research was performed with shale oil, heavy petroleum frac­
tions, and model compounds as feeds. This study used the same 
type of catalysts with a coal-derived liquid as the feed. A 
high pressure, high temperature, 1-Jl stirred tank reactor was 
run in batch and continuous modes. The primary purpose of the 
batch experiments was to determine initial hydrogenation, 
hydrodesulfurization, and hydrodenitrogenation activities of 
selected catalysts. The fixed reaction parameters were tem­
perature, initial pressure, run length, type and amount of 
feed, amount of catalyst, and type of gas. The five catalysts 
chosen for preliminary evaluation were Akzo Chemie Ketjenfine 
153-1.5E, American Cyanamid Aero HDS-9A, Harshaw Chemical Co. 
Ni-4301E and N1-4303E, and Shell Chemical Co. Shell 324. For
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the first six runs (five catalytic runs and one blank run) 
catalysts were ground to -200 mesh and placed in the bottom 
of the reactor. For the next 3 batch runs Ketjenfine 153-1.5E 
was used in a catalyst basket as a 1/16-in. extrudate.
The set of continuous experiments were designed to 
obtain the hydrogenation, hydrodesulfurization, and hydro­
denitrogenation activity curves of the same five catalysts 
at one set of operating conditions. However, due to time 
limitations data was only taken for one catalyst, Aero HDS-9A. 
Fixed operating conditions were temperature, pressure, resi­
dence time, type and flow rate of feed, amount and form of 
catalyst, and type and flow rate of gas.
For the batch and continuous experiments solids were 
analyzed to determine carbon and hydrogen content. The 
product gases were analyzed by gas chromatography and micro- 
coulometry. Coal liquid characterization analysis, proximate 
analysis, ultimate analysis, carbon-hydrogen-nitrogen analysis, 
and total sulfur analysis were performed on the feeds and 
liquid product samples. Based on these analyses hydrogena­
tion, hydrodesulfurization, and hydrodenitrogenation activi­
ties were determined. Overall mass balances and carbon 
balances were also made.
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LITERATURE SURVEY
For coal to be used as a liquid or solid fuel or a suit­
able synthetic crude oil, the nitrogen level must often be 
greatly reduced. Some fuels are marketed with specifications 
on the maximum nitrogen content. In many cases, nitrogen com­
pounds poison catalysts used in further refining. Catalytic 
cracking may be adversely affected by nitrogen compounds (8).
Information on coal and coal-derived-liquids hydrogenation, 
shale-oil hydrogenation, petroleum-fractions hydrogenation, and 
model-compound hydrogenation aids in understanding nitrogen- 
removal techniques from coal-derived liquids.
Coal and Coal-Derived-Liquids Hydrogenation
Coal hydrogenation was first successfully accomplished 
by Berthelot in 1869. By 1925 the importance of catalysts in 
treating coal was realized. Active catalysts found for the 
reduction and hydrogenation of coal were cobalt, molybdenum, 
and tungsten sulfides.(7)
In 1957 the creosote fraction of coal tar was used as a 
feed in a commercial plant built by Imperial Chemical 
Industries, Ltd. The catalyst chosen for commercial use was 
Ni/SiAl catalyst. It was found to be less sensitive to poison­
ing by nitrogen compounds. When operated at 1800 psi and 450°C 
the gasoline produced had a research octane number of 96.6. A 
W/Al catalyst was also used and removed more impurities but 
had a shorter life than the Ni/SiAl catalyst. A Co/SiAl
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catalyst yielded a higher octane number but had a lower con­
version and a shorter life. (9)
White, Jones, and Eddinger (10) modeled coal hydrodenitro­
genation with two Arrhenius first order equations. One equa­
tion was valid in the temperature range 600° to 7 52°F. The 
second equation was used from 7 52° to 900°F. A NiMo/Al, 1/16- 
in.-extrudate catalyst was used in all their experiments.
Qader, Wiser, and Hill (11) studied nitrogen removal from 
coal tar using a WS^ catalyst and found a slight deviation 
from first order kinetics. They surmised the carbon-nitrogen 
bond rupture was the rate-controlling step and postulated that 
at 500°C and 1500 psi all the hetero-atoms could be completely 
removed.
Other catalysts investigated by Qader (12) were composed 
of NiW/SiAl and CoMo/SiAl. Nitrogen removal increased with 
temperature from 400° to 500°C. Up to 500°C, NiW/SiAl catalyst 
removed more nitrogen than CoMo/SiAl catalyst.
After examining numerous types of catalysts Kawa,
Friedman, Wp, Frank, and Yavorsky (13) concluded CoMo/Al was 
the best type of catalyst for liquefaction and desulfurization.
When synthesis gas was used in place of hydrogen, Fu and 
Illig (14) found the hydrogen consumption to decrease for the 
same.quality product. The catalyst used was Harshaw CoMo- 
0402T. In some cases sodium carbonate was added.
Kermode (15,16) chose to study the activity of 18 com­
mercial catalysts for the solvation-hydrogenation of coal. 
Catalysts with the highest activities were UOP DHC-2, Shell
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324 (NiMo/Al)* and Nalco 471 (CoMo/Al). Correlation of the 
catalyst activity and physical property data did not lead to 
any conclusions as to why particular catalysts were better 
than others in coal liquefaction. The life of Nalco 471 was 
also investigated. When the catalyst was exposed to 300 g 
coal dissolved in 1000 g of tetralin at 2000 psig and 675°F 
for six hours, the catalyst activity was reduced to one-fifth 
of its original value. After another six hours of exposure 
the catalyst activity was 10 percent of its original value. 
Different minerals were added to determine their effects on 
the catalyst. At a specified reaction time, fractional con­
versions were approximately the same for all the minerals.
A silica promoted cobalt molydate catalyst was used by 
Akhtar (17,18). Reaction conditions were varied from 1000 to 
4000 psi, 425° to 475°C and 20:80 to 40:60 coal to tar weight 
ratio. The composition of the liquid products in terms of 
organic benzene insolubles, asphaltenes, oil, hydrogen, 
nitrogen, and sulfur were approximately constant for the 
duration of an experiment with constant reaction conditions. 
The removal of nitrogen was shown to be pressure dependent, 
with the concentration of nitrogen-in the liquid products 
decreasing linearly with increasing pressure. Maximum hydro­
desulfurization was achieved at less severe processing con­
ditions than those necessary for maximum hydrodenitrogenation
When a Synthoil liquid was treated at 800°F and 1500 psi 
with a three-hr space time in a trickle bed reactor, 23 to 39
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percent of the nitrogen was removed (19) . The catalysts used 
were NiMo and CoMo on alumina. Increasing the pressure from 
500 to 1500 psig on the temperature from 700° to 800°F did 
not result in any substantial difference in nitrogen removal.
A monolith catalyst support with a lower total surface area
2 0 (66 vs 270 m /gm) but a larger average pore size (98 vs 33 A)
as compared to the reference catalyst (Nalcomo 474) did not
yield better sulfur or nitrogen removal.
Shale Oil Hydrogenation
Clark and others (20) upgraded crude shale oil in a fixed- 
bed reactor using a CoMo catalyst. The conversion of crude 
shale oil into specification grade jet and diesel fuel by 
recycle coking and hydrogenation was shown to be feasible.
A decrease in liquid-hourly-space-velocity increased produc­
tion of gas and decreased nitrogen content of the product.
When hydrofining thermally cracked shale oil naphtha with a 
CoMo catalyst, Cottingham and others (21) produced specifica­
tion grade gasolines. As the pressure increased from 200 to 
800 psi, deposition of coke and other materials decreased and 
catalyst life increased. The coker product from Green River 
oil shale was refined in coker, hydrogenator, catalytic 
cracker, reformer, catalytic polymerizer, and leading and 
blending units (22). The products were coke, sulfur, ammonia, 
liquefied petroleum gas, premium gasoline, regular gasoline, 
diesel fuel, and fuel oil. The hydrogenation unit aided crack­
ing and increased gasoline yields. Montgomery (12) refined
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Colorado pyrolytic shale oil with coking, hydrostabilization, 
hydrodenitrogenation, reforming, and cracking units. The 
refining processes converted raw shale oil into saleable 
petroleum products. A NiW 2  hydrodenitrogenation catalyst 
was shown to have a high activity.
Green River retorted crude shale oil was hydrogenated 
and cracked on a CoMo/SiAl catalyst at 3000 psi, 784-828°F, 
6000 scf H^/bbl feed, 1.02-1.47 hr ^, and a recycle ratio of
0.87 (24). Hydrogenated product with more than 0.14 percent 
nitrogen produced less gasoline than east Texas light gas oil, 
while hydrogenated product containing 0.10 percent nitrogen 
or less produced the same amount of cracked gasoline as the 
east Texas light gas oil, when all were processed at the same 
conditions. The yield of cracked products from hydrogenated 
product containing 0.02-0.05 percent nitrogen was less sen­
sitive to changes in cracking temperature than was the 
hydrogenated product with a higher nitrogen content. The 
research octane number of the cracked gasoline was 95 clear 
and 103 with 3 ml TEL.
Green River gas-combustion retorted shale oil was con­
tinuously hydrocracked over CoMo catalyst with a hydrogen 
treatment rate of 6000 scf hydrogen per bbl of feed at a 
temperature of 890°F, a liquid-hourly-space-velocity of 1.0 
hr ^, and pressures of 500, 1000, 1500, and 3000 psig to 
determine some of the effects of pressure (25) . At a constant 
temperature and liquid-hourly-space-velocity the following
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equation was used to determine the product nitrogen content 
(Np) from the feed nitrogen content (N^) and the reactor 
pressure (P) :
^f 2ln(~) = -0.984 + 0.003086P - 0 .000000398P*V
For the 400° to 650°F shale oil fraction, product nitrogen 
content was approximately the same for either hydrocracking 
or hydrogenation. For total crude shale oil, product nitro­
gen content was higher in the 400°F+ oil from hydrocracking
o +than in the 400 F oil from hydrogenation. Higher yields of 
valuable liquid products were obtained by hydrocracking.
Gas combustion shale oil was treated in a continuous- 
flow recycle reactor packed with CoMo catalyst (26). The 
amount of cracking stock produced from the crude was greatly 
affected by the nitrogen content of the feed.
Raw gas combustion shale oil was continuously hydrogen­
ated at 3000 psi, 759-1010°F, and 1.0-1.48 hr  ̂with a CoMo 
catalyst (27). The product nitrogen content decreased with 
increased reaction temperature up to 900°F. At higher tem­
peratures, total nitrogen remained below 0.01 percent. The 
nitrogen content of the feed was 2.10 percent by weight. 
Temperatures less than 900°F had little effect on hydro­
carbon types in the product, while temperatures above 900°F 
produced higher octane gasoline.
Smith and Landrum (28) studied hydrogenitrogenation of 
filtered NTU shale oil at 3000 psi, 690° to 770°F, 600 to
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1800 scf hydrogen per bbl feed, and liquid-hourly-space- 
velocities of 0.5 to 1.8 hr With a NiW catalyst the oil 
shale that originally contained two-percent nitrogen could 
be continuously hydrogenated to less than one percent nitro­
gen by weight. Nitrogen removal increased with hydrogen 
consumption to 95 percent removal at 1800 scf hydrogen per 
bbl feed. The use of light acid treatment improved color 
stability and resulted in additional nitrogen removal. Sulfur 
removal was 90 percent or greater.
Frost and Cottingham (29) continuously hydrogenated 
Colorado gas combustion shale oil at low liquid hourly-space-
velocities (0.10 and 0.05 hr ^). At constant temperature the
/
following equation was developed to specify concentration of
product nitrogen (Cn) from the concentration of feed nitrogen
(Cn ), the reactor pressure (P) , the liquid-hourly space o
velocity (LHSV), and a nitrogen rate order constant (K^).
- -KnP2
~no
At low space velocities and 1000 psi, gasoline and recycle oil 
were produced with nitrogen contents as low as those produced 
by hydrogenation at 3000 psi and higher space velocities. 
Liquid product yield was 1.5 times greater at 1000 psi and 
low space velocities than at 3000 psi and high space veloci-. 
ties. During runs that lasted 10 days and 23 days the 
catalyst activity did not decrease.
After studying hydrodenitrogenation reactions of a shale
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gas oil with CoMo/Al catalyst at 3000 psi in a batch reactor, 
Silver and Wang (30) proposed the following three step 
mechanism:
1. hydrogenation of unsaturated aromatic compounds 
containing nitrogen in the ring,
2. breaking saturated nitrogen ring compounds to form 
amines, and
3. splitting of amines to form ammonia and hydrocarbons. 
At 600°F the ring rupture of step two was determined to be 
rate controlling, while at 825°F the hydrogenation of step one 
was rate controlling.
Frost and Jensen (31) hydrotreated Green River gas com­
bustion shale gas oil. At 68 5°F and 1000 psig quinoline in 
the shale gas oil had a higher rate constant than indole. At 
800°F and 1000 psig indole had a higher rate constant than 
quinoline. Pressure had a greater effect on the nitrogen 
removal from quinoline than from indole.
When WS 2 , NiW, CoMo/Al, Mo, Zn, and Cr catalysts were 
used to hydrogenate crude shale oil at 4000 and 9000 psi, 
only WS 2 , NiW, and CoMo/Al were found to yield a high recovery 
oil with low nitrogen and sulfur content (32).
Carpenter and Cottingham (4) evaluated CoMo, Co/Al, 
Mo/SiAl, CrZnMo, WS2/A1, Pt/Al, Pd/Al, NiNa, Cr/SiAl, Fe,
CuCr, Co, V/Al, WS 2 , Co/Al, ZnCu/Al, and WO^/Al catalysts 
for their ability to hydrogenate shale oil at 1000 to 3000 
psi, 750° to 1000°F, 1 hr \  and 6000 scf hydrogen per bbl
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feed. Catalysts that produced a product containing lower 
levels of nitrogen than the feed were: CoMo, CoW/Al, Mo/Al,
WS 2 /AI, NiNa, and WS 2 * A Mo/Al catalyst produced the great­
est yield of gasoline. The yields and properties of gasoline 
differed considerably with different catalysts.
Benson and Berg (33) hydrotreated shale oil with aronite, 
Pt, ZnO-MgO-MnO^, CoMo activated with HF, and Mo catalysts.
The minimum weight percent in the product occurred between 
825° and 875°F. The rate constant (K ) for denitrogenation 
was modeled with the following formula.
K = 2. 54 x 104 exp (-14,750/RT) 
where: R = universal gas constant
[=] cal-gmole/°K 
T = temperature 
[ = 1 °K
Decreasing the space velocity or increasing the reactor pres­
sure improved denitrogenation. The gas consumption level was 
below 2000 scf hydrogen per bbl feed. Higher gas treatment 
rates did not affect nitrogen removal. Lower levels of 
hydrodesulfurization and hydrodenitrogenation accompanied 
decreased hydrogen content of the recycle gas.
Petroleum Fraction Hydrogenation
Falk (5) used CoW, MoW, CoMo, NiMo, NiCoMo, NiW/Al, and 
NiW/SiAl catalysts to hydrodenitrogenate a California heavy 
gas oil. The optimum catalyst for nitrogen removal was 7- 
percent nickel and 18-percent tungsten by weight on a silica-
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aluminum support. Proper sulfiding increased catalyst activ­
ity.
McCandless and Berg (34) investigated using a NiC^-HCl 
catalyst system with California heavy gas oil as the feed. 
Even though this catalyst system was more active for hydro- 
denitrogenation than NiW/SiAl, CoMo/Al, and NiMo/Al, it pre­
sented serious corrosion and liquid chlorination problems. 
Rate of nitrogen removal from basic compounds was higher than 
rate from non-basic compounds. Cracking of the gas oil 
increased with nickel content, chlorine to nitrogen ratio, 
temperature, and pressure.
West coast atmospheric gas oil was treated with NiMo 
catalysts at 750 psig, 600°-720°F, 2 hr~\ and 2000 scf
hydrogen per bbl feed in a continuous flow pilot plant reac­
tor (35). At 690°-700°F, the optimum temperature for poly- 
aromatic saturation, the results were:
1. 55 to 60 percent overall poly-aromatic compound 
saturation,
2. 60 to 70 percent net increase in monoaromatic 
compounds ,
3. 95 to 97 percent sulfur removal,
4. 45 to 55 percent nitrogen removal, and
5. 4° API increase.
American Cyanamid HDS-9A NiMo/Al was found to be the best 
catalyst in the five areas listed above.
Rosenheimer and Kiovsky (36) developed rate equations 
for nitrogen and sulfur removal from cracked diesel fuel with
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a NiMo catalyst at 700°F, 300-700 psig, and 1-3 hr ^. The 
integrated forms are given below:
for sulfur: i------ = K P(LHSV)
s so
cn 2for nitrogen: In ^—  - -K P (LHSV)
no n
where C = initial sulfur concentration so
Cs = final sulfur concentration 
Cno = initial nitrogen concentration 
Cn = final nitrogen concentration 
Ks = sulfur rate order constant 
Kn = nitrogen rate order constanti
P = pressure
LHSV = liquid-hourly-space-velocity 
The rate equation for olefin removal had the same form as for 
sulfur removal. The removal rates of total nitrogen compounds 
and of basic nitrogen compounds were shown to be equal.
Model Compound Hydrogenation
Skomorski and Schrieshein (37) studied the hydrogena­
tion of pyridine in acetic and sulfuric acid over PtC^ 
catalyst at initial pressures of 21 atm. Temperature was 
maintained at 25°C. They were able to show that complete 
reduction of pyridine did not occur at low concentrations 
(molar ratio sulfuric acid to pyridine equal to 0.5). The
decrease rates at high acid concentrations were best explained 
by solvent effects. Their postulated mechanism suggested the
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pyridium ion was more acceptable to flatwise absorption on 
the catalyst surface than pyridine.
Hydrodenitrogenation of quinoline, indole, aniline, n- 
butylamine, and petroleum fractions with NiW/Al catalyst was 
studied by Flinn, Larson, and Beuther (38) . Their results 
showed that the most readily broken bond was between nitrogen 
and the a-carbon. The bond most likely to be broken next was 
between nitrogen and the aromatic ring. Hydrocracking along 
with alkalation occurred to form carbazoles. Temperatures 
greater than 700°F did not greatly increase nitrogen removal 
due to dehydrogenation.
Doleman and Vlugter (39) experimented with the decomposi­
tion of quinoline on CoMo/SiAl catalyst. They found the 
mechanism of denitrogenation to consist of three separate 
steps:
1. hydrogenation of a nitrogen-containing ring
2. formation of aniline by ring opening
3. decomposition of the resulting amine into ammonia 
and a hydrocarbon.
Doleman et al. (39) was able to show that the decomposition 
of aniline controlled the amount of nitrogen removed from 
quinoline and the extent to which hydrogenation occurred.
In their results the carbon-nitrogen bond in aniline appeared 
to be stronger than in an aliphatic amine. The acid sites on 
catalysts were presumed to help break the carbon-nitrogen bond.
Mcllvreid (40) modeled the kinetics of the hydrodenitro­
genation of pyridine on NiCoMo/Al catalyst. For low nitrogen
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content the rate equation was first order. A strong pressure 
dependence and a weak hydrogen to feed dependence were noted. 
The Langmuir-Hinschelwood rate equation was used to account 
for the decrease in the first-order rate constant with 
increasing nitrogen in the feed. The product was more 
strongly absorbed on the active sites than the reactant, 
thus hydrogenation was hindered at increased conversions.
Enthalpies, entropies, first-order rate constants and 
activation energies for the hydrogenation of pyridine, quino­
line, pyrrole, aniline, and indole on CoMo/Al catalyst were 
determined by Aboul-Gheit and Abdori (41) . Each hydrogenation 
reaction was shown to be pseudo-first order. Ring-splitting 
in hydrodenitrogenation of six-membered compounds was postu­
lated to have caused high energies of activation. Higher 
negative entropies of activation in hydrodenitrogenation of 
five-membered compounds may have been the result of their 
relatively immobile arrangement while absorbed on the 
catalyst.
NiMo/Al and CoMo/Al catalysts were used by Satterfield 
and Cocchetto (6,42) to study the reaction mechanism of 
pyrridine hydrogenation at 160 psia with catalyst contact 
times from 2 to 11 sec. The three-step reaction sequence 
proposed by Doleman and Vlugter agreed with their data.
Below 425°C and above 495°C the amount of piperidine that 
existed in equilibrium with pyridine thermodynamically lim­
ited the reaction rate. Between these temperatures the 
reaction rate was shown to be controlled by kinetics. Below
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300°C NiMo/Al catalysts appeared to have a greater hydrogena­
tion activity and less hydrogenolysis activity than CoMo/Al 
catalysts.
Satterfield (43) also investigated the interactions 
between catalytic hydrodesulfurization of thiophene and 
hydrodenitrogenation of pyridine. Catalysts used were 
CoMo/Al, NiMo/Al, NiW/Al, and NiW/SiAl. Two types of hydro­
desulfurization sites on the catalyst were suggested. Type 
I sites were very active for hydrodesulfurization, but less 
sensitive to nitrogen bases. Type II sites were much less 
active for hydrodesulfurization, but less susceptible to 
nitrogen-base poisonings. The effect of sulfur compounds on 
hydrodenitrogenation varied with temperature. At tempera­
tures less than 325°C, hydrogen sulfide produced from sulfur 
compounds increased catalyst cracking activity and sped up 
hydrodenitrogenation.
Goudriaan, Gierman, and Vlugter (44) found the beneficial 
effects of hydrogen sulfide on the hydrodenitrogenation of 
pyridine to be 1) greater pyridine ring hydrogenation, and 
2) increased hydrocracking activity. These effects resulted 
in a lower temperature for the same conversion of pyridine. 
Presulfiding catalysts increased conversion 25 to 45 percent.
Katzer, Gates, and others (45) studied the hydrodenitro­
genation of quinoline over Cyanamid HDS-9A, NiMo/Al catalyst 
in a batch autoclave reactor at 342°C and 500 psig for reac­
tion times up to 14 hours. The white oil feed contained
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0.050-percent carbon disulfide, 0.50-percent catalyst, and 
1.0-percent quinoline by weight. The removal of total 
nitrogen was found to be first order and had a rate constant 
of 0.56 min The reaction of quinoline and 1,2,3,4- 
tetrahydroquinoline to form hydrogenated and cracked nitrogen- 
containing hydrocarbons was also shown to be first order and 
had a reaction rate constant of 0.88 min The hydrogenation 
of quinoline to form 1,2,3,4-tetrahydroquinoline was shown to 
be a very fast, reversible reaction. Gates and others have 
done extensive work in catalytic hydrodesulfurization (46), 
catalyst deactivation (47) , and microreactor engineering (48).
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EXPERIMENTAL EQUIPMENT
This section describes the equipment used for this study 
of continuous hydrodenitrogenation of coal-derived liquids. 
Figure 1 is a schematic diagram of the experimental apparatus. 
The symbols used in this diagram are explained in Table 1. 
Appendix A lists the equipment suppliers and their addresses. 
The equipment is divided into the sections listed below:
1) gas flow control systems
2) liquefied-coal feed system
3) stirred tank reactor
4) temperature control system
5) liquid-gas separators
6) pressure reduction system
7) gas sampling and clean-up system
8) minor equipment
9) support equipment
Gas Flow Control Systems
Gas enters the reactor through two different systems.
The method used depends on the desired reactor inlet pressure 
and the corrosive properties of the gas. A diagram of the gas 
flow control system is shown in Figure 2.
The first system controls the flow of a 10-percent hydro­
gen sulfide/90-percent hydrogen gas mixture. This mixture is 
used in presulfiding catalysts. The bottle pressure is 
reduced by a Matheson Gas Products, model 3800, pressure 
regulator. The diaphragm is spring loaded. The regulator
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2may be used with bottles pressurized to 211 kg/cm (3000 psi) , 
however, the maximum downstream pressure allowed by the 
regulator is 7.0 kg/cm (100 psi). Since the presulfiding 
gas is normally used at a pressure from 0.35 to 1.76 kg/cm 
(5 to 25 psi), it does not need to be further compressed.
All metallic regulator parts in contact with the gas mixture 
are 316 stainless steel. Kel-F serves as the poppet seat 
material, while teflon is used for nozzle gaskets and the 
diaphragm assembly. A Matheson Gas Products metering valve 
is used in conjunction with the regulator for better flow 
control. A check valve after the metering valve protects 
against accidental back-leakage from the high-pressure gas 
system that would overpressurize the bottle regulator.
The less corrosive gases, hydrogen and helium, that are 
used at higher pressures enter the reactor through a more 
complex system. The hydrogen and helium cylinders are con­
nected by a manifold. This allows cylinders to be replaced 
without interrupting gas flow. During long runs more than 
one hydrogen cylinder may be connected in parallel by the 
manifold. . The outlet pressure of the gas cylinders is con- 
trolled by a 0-351 kg/cm (0-5000 psi) Hoke regulator. Gauges 
display supply and outlet pressures.. The outlet pressure is 
controlled by "increase" and "decrease" needle valves.
After passing through a check valve and filter, the gas 
enters a reciprocating diaphragm compressor. This Whitey 
LC-10 compressor with 13-mm plunger is suitable for contin- 












2The minimum inlet pressure is 3.5 kg/cm (50 psi). Opera­
tion of the compressor at lower pressures causes severe
damage to its mechanism. With an inlet pressure equal to 70
2 2 kg/cm (1000 psi) and discharge pressure equal to 176 kg/cm
(2500 psi), the compressor is capable of delivering up to 
0.5 standard Jl/hr (15 scf/hr) . A compression ratio of 5:1 
may be obtained. The fan-cooled, explosion-proof motor is 
specified to be 1/3 hp, 1725 rpm, 115/230 v, a.:c., single 
phase, 60 cps. All parts in contact with compressed gas are 
316 stainless steel except for Viton A O-rings in the check 
valves. An explosion-proof, on-off (high/low) dual switch 
(model H110A 612) manufactured by Industrial Materials Company 
is connected to the compressor. When the discharge pressure 
exceeds the switch’s high set point, the compressor is auto­
matically turned off. When the discharge pressure reaches
the lower set point, the compressor is turned back on. The
2maximum set point may be adjusted from 14 to 211 kg/cm 
(200 to 3000 psi). The on-off differential varies from 2.8 
to 12.7 kg/cm^ (40 to 180 psi).
From the compressor the gas flows to a l-£, 316 stain­
less steel reservoir. The reservoir smooths out compressor 
strokes and stores compressed gas. The reservoir and gas 
lines prior to it may be vented outside through a Whitey 
severe-service, ball-tip valve.
The next portion of the system controls the gas flow rate. 
It consists of a forward-pressure regulator, metering valve, 
flow controller, and back-pressure regulator. The regulators
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help maintain a constant pressure drop across the metering 
valve and flow controller. By varying the metering valve 
setting, a desired flow rate may be obtained. Appendix B 
contains the calibration curve for this metering valve.
The forward pressure regulator is a Grove model 112B 
powereactor dome regulator. It is designed to maintain a con­
stant reduced downstream pressure in a line where the inlet 
(upstream) pressure may vary. The regulator is actuated by 
static gas pressure in a sealed dome. Any change in dome 
pressure results in a corresponding change in outlet pressure. 
The regulator is internally loaded by upstream pressure and 
is rated for use at pressures up to 422 kg/cm (6000 psi).
The seats are made out of teflon; the diaphragm and 0-rings 
are made from Vitron A; and the body, dome, and trim are stain­
less steel.
After the forward pressure regulator is a check valve, 
then the gas flow is split. One stream continues on to a 
Whitey micrometering valve with vernier handle. This valve 
is made of 316 stainless steel except for one Viton and two 
teflon 0-rings. The orifice size is 0.020 in., with a flow 
coefficient of 0.007. The valve is rated to 211 kg/cm^ (3000 
psi) at 21°C (70°F). This stream proceeds on through the 
Moore Products flow controller (model 63SUL).
The other gas stream is used to pressurize a 1-gal (3.78 A)
2Autoclave Engineers vessel. The vessel is rated to 211 kg/cm 
(3000 psi). Its 5-in. ID allows the flow controller to fit 
inside. Since the pressure rating on the flow controller is
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235 kg/cm (500 psi), a pressurized environment is needed to 
minimize the difference between the external and internal 
pressures on the controller.
The Moore Products flow controller requires a constant 
upstream pressure for constant flow. The controller is made 
out of 316 stainless steel except for a Kel-F diaphragm.
The gas that passes through the flow controller goes 
through another check valve and then to a back pressure regu­
lator. Between the valve and regulator is a second vent line. 
A Whitey union-bonnet regulating valve is used to slowly bleed 
off the pressure. Venting the system too quickly may harm the 
flow controller.
The regulator is a Grove mity-mite back-pressure regu­
lator (model S-91-XW). Its dome is externally loaded with 
nitrogen from a compressed gas cylinder. The cylinder outlet 
pressure is controlled by a Hoke regulator that is similar 
to the previously described regulator on the hydrogen/helium 
manifold. The back-pressure regulator dome may be externally 
vented.
Before the high-pressure and low-pressure gas delivery 
systems are joined together; a shut-off valve is located on 
each system. This keeps the hydrogen-sulfide delivery system 
from becoming overpressurized by the high-pressure system; and 
the high-pressure system from becoming contaminated with 
hydrogen sulfide. It also allows the high-pressure system to 
be pressurized while the catalyst is being presulfided. After 
the two systems are combined, the gas enters the reactor.
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Liquefied-Coal Feed System
The liquefied-coal feed system consists of storage tanks 
and a positive-displacement pump as shown in Figure 3.
The storage tanks for the liquefied coal are two burets. 
Normally the larger l-l buret is used since it requires 
filling less frequently. The 100-ml buret’s 1-ml graduations 
allow for more accurate flow measurements. Two inline Hoke 
valves may be used to isolate either buret from the system.
In batch runs the feed floods the inlet to a model 1-33-49SM, 
Milton Roy Milroyal pump. Its capacity is 4.2 J£/hr (1.1 gph) .
In continuous runs a model LS-30 Pulsafeeder Microflo Metering 
pump is used. This positive-displacement pump is designed to 
deliver a continuous flow rate in the range of 59 to 590 ml/hr 
(0.016 to 0.16 gph) to the reactor. The 1725 rpm, 1/6 hp, 115 
v, 60 cps, single-phase motor is explosion-proof. The piston 
diameter is 0.25 in., and all main wetted parts, including the 
diaphragm, are 316 or 20 stainless steel.
After the feed leaves the pump, the feed can either go 
to an open container for priming or to the reactor. The flow 
direction is controlled by two Whitey severe-service valves.
The feed lines and pump head are heat-traced to lower the 
liquefied coal’s viscosity and prevent plugging.
Stirred Tank Reactor
An Autoclave Engineers l-l Magne Dash stirred tank reac­
tor is illustrated in Figure 4. The reactor vessel is made 
from 316 stainless steel; and consists of a body, cover, 
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thermowell, dip tube, and magnetic dasher. When batch runs 
are made, the dip tube is removed.
The maximum allowable working pressure of the vessel is 
408 kg/cm^ (5800 psi) at 343°C (650°F). The reactor was 
hydrostatically tested by Autoclave Engineers for 30 minutes 
at 640 kg/cm^ (9100 psi) and 22°C (72°F) prior to delivery.
For safety purposes the reactor is equipped with a rupture 
disc that vents outside the building. At 22°C (72°F) the 
disc is set to release when the reactor pressure exceeds 387 
kg/cm“ (5500 psi).
Gas and liquid inlets are located in the flange on the 
reactor body. Product liquid and gas are removed through a 
dip tube in the continuous runs. The dip tube allows approxi­
mately 250-ml (0.66-gal) of liquid to remain in the reactor.
The reactor contents are mixed by the dashing action of the 
magnetically-driven stirring rod. An external solenoid 
thrusts the rod up and down independently of any mechanical 
action. The solenoid is water cooled to prevent overheating. 
Originally, two dashers were on the rod. After the first six 
batch runs, they were replaced with a catalyst basket. As 
shown in Figure 5, the basket is a 316 stainless steel cylin­
drical support covered with 316 stainless steel wire mesh.
The cylindrical support is 7.6-mm (3-in.) high and has a 3.8- 
mm (1.5-in.) O.D. The 30 x 30 wire mesh is made from 0.033- 
mm (0.013-in.) diameter wire and has 0.058-mm (0.023-in.) 
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The temperature control system consists of a thermo­
couple, SCR power package, temperature controller, tempera­
ture recorder, and furnace. Except for the furnace the tem­
perature control system was manufactured by Leeds and Northrup 
Company. A type K (chromel-alumel) thermocouple monitors the 
reactor temperature, and is protected by the previously men­
tioned thermowell. The SCR power package (model 1190 6-223) 
accepts an isolated input signal of 0-5 ma from the controller. 
The input power requirements are 120/240 v, 50/60 cps, and 
16 w. The output current range is 0.5 to 23 amps at 50°C.
The power package may handle load voltages up to 240 v. The 
output has better than one-percent accuracy and a terminal 
based linearity of ten-percent of span. It consists of full 
cycles of line voltage in which both the "on" and "off" times 
are modulated to provide stepless output power which is dir­
ectly proportional to the dc input signal.
The Electromax III temperature controller (model 6432-4- 
4053-370-0-20-422) is a current adjusting type with a range of 
0°to 538°C (0°to 1000°F). It has proportional band, reset, 
and rate control actions. The proportional band may be 
adjusted from 0°to 400°F. Reset action varies from 0.05 to 
50 repeats per minute, while rate action may be set from 0 to 
5 minutes. The controller accepts a low level (millivolt) 
signal from the thermocouple which is displayed on the control­
ler in °F and amplified to a 0 to 5 v signal for display on a 
strip chart recorder. A zero to 5 ma output from the controller
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actuates the SCR power package. The analog setter on the 
controller has an accuracy of t one-percent at calibrated 
points and a resolution of 0.5-percent of span. The devia­
tion meter is a zero-center, two ma meter with an accuracy 
of t three percent. If an ac power failure occurs, a fail­
safe feature causes the output to become zero.
The Speedomax M one-pen recorder (model 831-28-00-0023- 
6-CO-291-056) is a 4-in. strip chart recorder, with a 3 in./hr 
chart speed and a scale of 0° to 538°C (0°to 1000°F) . The 
recorder requires 120 v and 50/60 cps for an accuracy of 
tO.5 percent of span.
The Autoclave furnace, which surrounds the lower portion 
of the reactor body, uses 115 v, single phase, 50/60 cps power. 
A maximum of 1700 watts of power may be supplied to the vessel 
by the furnace. The electrical input to the furnace may be 
adjusted by the temperature controller.
Liquid-Gas Separators
As shown in Figure 6 the liquid-gas separators include a 
high pressure separator, two low pressure separators from 
which liquid samples are drawn, and a high pressure demister. 
These separators may be best described by following the liquid 
product through the system.
After leaving the reactor the product is collected in a 
300-ml (0.079 gal) Autoclave Engineers bolted closure pressure 
vessel. In addition to serving as a high pressure separator 
this vessel contains a vibrating paddle detector for the 


















hole to allow the paddle to be inserted. The explosion-proof 
Dynatrol liquid level controller made by Automation Products 
Inc. consists of a detector (model CL-10 RH) and relay switch
receiver (model EC-102 B). At 38°C (100°F) the 316 stainless
2steel detector is rated to 210.9 kg/cm (3000 psi). The relay 
switch receiver requires 115 v, 60 hz, and 50 w. For the 
receiver to have power the cage light must be turned on. The 
detector paddle is driven at 120 cps mechanical vibration by 
a driver coil. A second coil, which has a permanent magnetic 
stator located in the pick-up end, produces a 120 cps voltage 
proportional to the paddle vibrational amplitude. When the 
paddle comes into contact with the product liquid, its ampli­
tude of vibration decreases. The output voltage drops as the 
liquid level rises on the paddle. The change in output signal 
is sent to the receiver. The receiver is a transistorized 
relay package that drives a 110-v solenoid to provide "on-off" 
action for the high-pressure liquid control valve. When the 
control valve is open, liquid drains out of the bottom of the 
vessel through the liquid control valve to the first low 
pressure separator. To prevent the control valve from plugging, 
its entrance and exit are heat traced. The low pressure 
separator partially removes dissolved gases. Once the liquid 
enters the low pressure separator through an 8 in. dip tube, 
it remains there until a sample is desired. Samples are taken 
from outside the explosion barricade by opening a Hoke valve. 
When the liquid control valve opens the first low pressure 
separator is unable to adsorb the pressure surge and prevent
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the carry-over of liquid to the gas lines. To correct this
situation the gas outlet from the first low pressure separator
is connected to a second low pressure separator. The liquid
from the two separators is combined before the liquid sampling
valve. The gas from the second low pressure separator is
mixed with the gas from the high pressure separator after the
downstream Grove forward pressure regulator. The low pressure
separators are 1-& (0.26 gal) Hoke monel cylinders rated to a
2pressure of 246 kg/cm (3500 psi) .
The gas stream from the high-pressure separator goes into
a standard 1-& Autoclave Engineers bolted closure pressure
vessel through a short dip tube. This vessel, which has a
2nominal pressure rating of 210.9 kg/cm (3000 psi), acts as a 
demister. It collects liquid until the end of the run. Then, 
the liquid is drained out through a medium pressure Autoclave 
Engineers valve. The gas proceeds through the vessel to the 
pressure reduction system.
Pressure Reduction System
The most important portion of the pressure reduction 
system is the pressure control system. It consists of a 
control valve, valve positioner, pressure controller, pressure 
recorder, and a pneumatic transducer. Also included in the 
pressure reduction system are a bypass valve, a regulating 
valve, and a pressure regulator. Figure 7 is a diagram of the 
pressure reduction system.
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maintain reactor pressure. It has a 1/4-in., 316 stainless 
steel globe body, an integrally-mounted valve positioner, and 
position indicator, a 316 stainless steel stem and stellite 
plug, a 416 stainless steel hardened seat, and pressure 
gauges. The air to open valve operates on a 3 to 15 psi 
instrument signal. A P-9 trim size allows flow rates up to 
450 standard i/hr (15.89 scf/hr) of hydrogen when the upstream 
pressure is 141 kg/cm (2000 psi). To prevent plugging by 
liquid condensation from the large pressure drop across the 
control valve; the valve and its entrance and exit lines are 
heat traced.
Moore Products Co., model 73N-B, bottom loading valve 
positioner is mounted on the topworks of the gas control valve. 
The positioner is designed to operate a valve actuator so that 
the valve is maintained in a position determined by the pres­
sure controller. The direct acting positioner causes the 
valve pressure to increase when the instrument pressure 
increases.
The Moore positioner receives a 3 to 15 psi instrument 
air signal from an Acco-Bristol (model 1752-10A-21C-000) 
indicating, pneumatic controller with proportional (gain) 
plus reset (integral) control modes. The proportional mode 
may be adjusted from 0.5 to 500 percent. The reset mode may 
be varied from 0.02 to 20 repeats per minute. The controller 
has a tracking accuracy within 0.5-percent of span, a response 
level of 0.006-percent of span, a hysteresis effect of less
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than 0.25-percent of span, and a repeatability within 0.1-
percent of span. A supply pressure of 20 psig is required.
2The controller indicates pressures up to 211 kg/cm (3000 
psig) and displays the pressure of the instrument signal.
It may be operated manually or automatically. To switch 
between manual and automatic- control a ball transfer indicator 
and transfer level are used. If the ball is centered in the 
indicator the manual setting is equivalent to the controller 
output and control can be transferred without a "bump".
The pressure indicated on the controller is also recorded 
by an Acco-Bristol (model 1711-10A-610-000-GHO) one-pen 
recording receiver. For smooth, continuous recording a high 
rise, capillary inking system is used. The pen is directly 
linked to a pneumatic servo. The 4-in. wide chart has a 0- 
3000 psi scale and moves at 1-in. per hr. The chart drive 
requires a 120-v, 60-cps electrical source. The recorder has 
a repeatability of 0.2-percent of span, an accuracy of t0.5- 
percent of span and a three second or less response time.
It uses a 20 psig supply pressure and an input signal of 3-15 
psig.
An Acco-Bristol model-G1G609MA transmitter measures the 
pressure upstream of the gas control valve and converts the 
pressure to a 3-15 psig signal proportional to the pressure 
being measured. An air supply pressure of 20 psig is required
to produce this signal. The 316 stainless steel transmitter
2can measure pressures from 0 to 211 kg/cm (0 to 3000 psig).
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It has an accuracy of to.5-percent of span, a repeatability 
of 0.1-percent of span, a sensitivity of 0.05-percent of 
span, and a fifty-percent allowable overrange.
For more rapid and complete venting of the system a 
Whitey micrometering valve can be used to bypass the gas 
control valve. A Whitey regulating valve is located after 
the lines from the bypass valve and the gas control valve 
are joined together. It helps to absorb the pressure drop 
between the demister and gas clean-up system and allows for 
complete shutoff of gas flow when necessary. Following the
regulating valve is a Grove, model 15L, small volume high
pressure regulator that helps to keep the gas clean-up system 
from being overpressurized. After the regulator, gas goes to 
the gas sampling and clean-up system.
Gas Sampling and Clean-up System
Gas from the pressure reduction system may be 1) sampled, 
2) vented, or 3) measured, cleaned, and vented. A diagram of 
the gas sampling and clean-up system is shown in Figure 8.
Gas enters the gas sampling system through a Whitey 
severe-service valve and a Whitey vee-stem valve. The second 
valve helps to reduce air in the gas sample bottle as it is 
closer to the bottle and permits better control of gas flow 
when the short line connected to the sampling bottle is
flushed. The Whitey 316 stainless steel, 500-ml (0.13-gal)
2gas sampling bottles are rated to 127 kg/cm (1800 psi).
They are also valved so the samples can remain isolated when
T 1973
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the bottles are disconnected.
Gas that is not sampled can be directly vented outside. 
Direct venting of gas permits quick depressurizing of the 
system when it contains helium or hydrogen. However, pre- 
sulfiding gases and product gases must be scrubbed before they 
are vented.
When the Whitey vee-stem valve that permits direct vent­
ing is closed, the gas continues on through a Hoke valve to 
the gas clean-up system. First the gas goes to a l-£ knock­
out flask to prevent aerosol from entering a Precision 
Scientific, model 63115, wet test meter. The wet test meter 
can handle flow rates up to 800 standard-il/hr (28.3 scf/hr) 
over a pressure range of 0.3 to 6.0 in. of water. Since 
water-soluble, corrosive gases are passed through the meter, 
it is filled with white technical oil. Minor corrosive com­
ponents dissolve and accelerate meter corrosion. The meter 
should be frequently drained, flushed, and refilled.
After the gas flow rate is measured, it enters a series 
of 2-1 flasks. The first flask is used to prevent backflow 
into the meter by trapping scrubber solution from the second 
flask. The second flask is used as a scrubber, in which gas 
is bubbled through a concentrated sodium hydroxide solution. 
The third flask knocks out aerosol that may have been carried 




Minor equipment includes pressure gauges, tubing, and 
fittings.
All pressure gauges in the high pressure portion of the 
system are Autoclave Engineers instrument quality 0 to 350 
kg/cm (0 to 5000 psig) gauges. Gauge accuracy is within
0.5-percent of full scale range. These flush-panel-mounted 
gauges have a back blow-out panel for pressure relief in the 
event of Bourdon tube failure. They are used to indicate 
system pressures in English and metric units at the locations 
shown in Figure 1. In the low pressure portion of the system 
are two additional pressure gauges. To indicate the pressure 
that gas samples are taken at, a 2.1 kg/cm (30 psi) pressure 
gauge is located before the gas-sampling-bottle connection.
At the beginning of the gas clean-up system is a 21.1 kg/cm 
(300 psi) pressure gauge. These two pressure gauges are 
used only as indications of the pressures and are not relied 
on for accurate measurements.
The majority of tubing in the system is 1/4-in., 0.049-in. 
wall thickness, 316 stainless steel tubing. The connections 
on this tubing are 1/4-in., 316 stainless steel Swagelok 
fittings except for a few 1/4-in. Autoclave Engineers Speed- 
bite fittings. The connections on the reactor, high pressure 
separator, demister, high pressure gauges, and liquid control 
valve are Autoclave Engineers medium and high pressure fittings. 
These fittings are used on Autoclave Engineers medium pressure
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1/4-in., 0.109-in. I.D. tubing. The stainless steel tubing 
is held in place with tie downs. The air lines, water lines, 
and gas vent lines are polyflow tubing. Tygon tubing is
i
used to connect the feed burets, wet test meter, one-Jl flask, 
and two-£ flasks to stainless steel tubing.
Supporting Equipment
This section describes all equipment not directly related 
to the process flow, but inherent in the operation of the 
equipment. Discussion will include reactor cage layout, con­
trol panel layout, and safety equipment.
The reactor cage measures approximately 8-ft wide by 
10-ft long by 8-ft high. Extended from 4 feet back on the 
right side of the cage is a 4-ft by 8-ft steel wall to separ­
ate the high-pressure gas cylinders from the feed burets and 
low-pressure gas sampling,and clean-up system. Reactor cage• 
walls and ceiling are framed with 1 1/2-in. by 2 1/2-in. 
slotted angle iron. Star masonry bolts were used to anchor 
the angle iron to the walls and floor. Reactor cage walls 
were fabricated of steel/wood/steel sandwiched together. Two 
sheets of 12-gauge steel were used to enclose 1 1/2-in. of 
plywood. Total wall thickness is 1 3/4 inches. A sliding 
door to the cage is constructed from a 1 1/2-in. solid wood 
door sandwiched between two 14-gauge steel sheets. Two 12-in. 
square by 3/8-in.thick LEXAN panels in the door form a window 
that allows the reactor to be viewed during a run. The door 


























The reactor is supported on a 24-in. wide by 45-in. long 
by 36-in. high table constructed from plywood and 1 1/2-in. 
by 2 1/2-in. slotted angle iron. Tie down bolts extend through 
the reactor to keep it in place. The high-pressure separator 
and demister are bolted to 10-in. square steel plates supported 
on slotted angle iron above the table. This allows for the 
two low-pressure separators to be located directly below.
The low-pressure separators are held in place with chain 
clamps. A top view of the reactor area is shown in Figure 9.
Figure 10 shows the control panel layout. The aluminum 
panel is 4 ft-long by 8-ft high. Across the top are cn-off 
switches for the light and level controller, flashing light, 
pressure controller-recorder, temperature control, temperature 
recorder, pump, and compressor. Underneath the switches, 
listed from left to right, are the pressure controller 
recorder, temperature recorder, and temperature controller.
Below these controllers are two rows of pressure gauges. Each 
row is covered with a sheet of 3/8” thick LEXAN to protect 
the operator. To the left of the bottom row are valves V6 
and V7 that separate the gas flow control system from the 
reactor.
Safety devices for the operating personnel are located 
nearby. The reactor cage is continuously vented by a 1200 
SCFM blower. Sensing heads for a carbon monoxide alarm and 
a combustible gas detector are located near the reactor cage. 









explosive limit of hydrogen gas, but will detect any combus 
tible gas. Large carbon dioxide fire extinguishers are 
located nearby. Carbon dioxide fire extinguishers are good 
on type "B" and MC" fires. A safety shower, first aid kit, 
and eye wash station are also located in the coal liquefac­
tion lab. Mine Safety Appliance Co. sling air respirators 
are located at both exits of the lab.
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EXPERIMENTAL PROCEDURE
This section contains the procedure to presulfide either 
NiMo or NiW catalysts, to make and routinely shut-down a
batch run, to make and routinely shut-down a continuous run,
and to shut-down in case of an emergency. Figure 1 shows 
wh^ch valves, regulators, burets, and pressure gauges the 
letter-number codes refer to.
Presulfiding the Catalyst
1. Place 75-ml catalyst in tared catalyst basket. Screw 
on top nut. Dry catalyst in oven at 47 5°F for one 
hour.
2. Close valves MV2, V3, V4, V6, V7, V10, Vll, V13, V15, 
V16 and V19. Set gas control valve (CV1) on manual 
and the instrument air pressure at 3 psi. Increase
air pressure to liquid control valve (CV2) to 30 psig.
Open supply and dome valves and close vent valve on 
Grove forward pressure regulator R4. Open valves MV1 
and V14. Valve MV1 should be carefully turned to pre­
vent the vernier handle from slipping.
3. Open helium gas cylinder and valve (VI or V2) that 
connects it to HOKE regulator R1. Set regulator at 
cylinder pressure. Be sure decrease is closed. Set 
compressor at maximum capacity and turn on. Set com­
pressor’s pressure controller to 2500 psi. DO NOT 
ALLOW COMPRESSOR INLET PRESSURE TO DROP BELOW 50 PSI. 
Turn on flashing light.
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4. Weigh catalyst basket and attach it to the dashing 
rod.
5. Assemble reactor and tighten head bolts.
6. Leak test the system:
A. Open valve V6 allowing the reactor pressure to 
increase to 200, 500, 1000, 1500 and 2000 psig.
Close valve V6 when the desired pressure is reached.
B. At each pressure use SNOOP to check for leaks at 
fittings and heads of reactor and separator.
C. If the system leaks, bleed pressure off the system 
by slowly opening valve V19, then valve MV2. Fix 
the leak. Close valves MV2 and V19. Return to 
part A of this step.
7. Turn off compressor. Close helium cylinder. Leave 
catalyst under helium blanket until ready to presul­
fide .
8. When the reactor has successfully passed the leak 
check, turn on temperature controller and recorder.
Set controller at 400°F for NiMo catalyst and 600°F 
for NiW catalysts. Turn on cooling water for dasher 
and set rotameter at 20 gal/hr. Open valve V19 and 
then MV£ to bleed helium pressure down around 50 psi. 
Close valve V19. Check to see valve MV2 is completely 
open.
9. When reactor temperature is stable at 400°F for NiMo 
catalysts and at 600°F for NiW catalysts, open valves 
V13, V19, and MV4. Close valve V14. Turn on.fan.
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Open 10% ^5/90% cylinder and valve V7. Gradually 
increase outlet pressure on regulator R4 to establish 
a GHSV of 800 hr Turn on dasher.
10.‘For NiMo catalysts allow flow of gas mixture
at GHSV of 800 hr'1 for 2 hrs at 400°F, 1 hr at 600°F, 
and 2 hrs at 700°F. For NiW catalysts allow flow of 
H-S/H, gas mixture at GHSV of 800 hr 1 for 6 hrs at 
600°F.
11. While presulfiding, open valve V3. When reservoir 
pressure (PI) is 0 psi, open and close decrease on 
regulator R1. Crack open valve V4 and SLOWLY bleed 
the pressure off the flow controller vessel. (The 
flow controller is only rated to withstand 500 psi 
pressure differential.) When the pressure (P3) to the 
inlet of valve MV1 is 0 psi, close valves V3 and V5.
12. Close valve (VI or V2) that is in the line between the 
helium gas cylinder and regulator R1. Open the hydro­
gen cylinder and valve (VI or V2) that is in the line 
between the hydrogen gas cylinder and regulator R1.
Set regulator at 200 psi. Allow hydrogen to flush gas 
system. Close valve V4. Set regulator at cylinder 
pressure. Turn on compressor.
13. When the dome pressure (P2) on Grove forward pressure 
regulator R4 is 2250 psi, close supply and dome valves. 
Open and close vent valves. This step is unnecessary 
when making a batch run.
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14. When the pressure controller shuts off the compressor, 
turn off compressor power and close hydrogen gas 
cylinder. Set valve MV1 at 1.61 for continuous runs 
and at 3.00 for batch runs.
15. Open nitrogen gas cylinder. Set exit pressure of 
HOKE regulator R2 at 2200 psi. This also sets back 
pressure regulator R5 at 2200 psi. For batch runs it 
is not necessary to adjust regulators R2 and R5.
16. After sulfiding has been completed for the particular 
catalyst, close valves V13 and V19. Increase outlet 
pressure on regulator R3 to 25 psi. Close
cylinder and valves MV4 and V7. Set temperature con­
troller at 0°F and turn off temperature controller and 
recorder. Turn off dasher. System may be left in 
this slightly pressurized state until ready for fur­
ther processing.
Batch Run
1. Turn on temperature controller and recorder. Set 
controller at 770°F.
2. Plug in and turn on variac connected to the heating
tape on the pump outlet line. Set veriac on 50.
3. Turn on dasher.
4. Preheat feed and take feed sample.
5. Check to see that:
A. valve MV1 is open to 3.0,
B. pump and compressor settings are at maximum
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capacity,
C. heating tapes have reached desired temperatures, 
and
D. water is still running through the rotameter to 
dasher.
6. Bolt cage door closed.
7. When reactor temperature has reached 700°F, open valve 
V6. Open hydrogen gas cylinder. Set regulator R1 at 
cylinder pressure. Make sure decrease is closed.
Turn on compressor and pressure controller-recorder. 
Allow reactor pressure (£7) to reach 1500 psi when the 
reactor temperature is 770°F, then close valve V6. 
(After the feed is injected the reactor pressure (P7) 
should be approximately 2000 psi.) Wait for the reac­
tor temperature to stabilize. Turn off compressor. 
Close hydrogen gas cylinder.
8. Plug in and turn on variacs that control the heating 
tapes wrapped around the burets and feed inlet line.
The variacs should be set on 55. Open valves V8, V9, 
and V10 and stopcock on buret B2. Fill the burets 
with feed. Turn on pump. Continue priming pump until 
the feed flow rate is 1.5 Jl/hr or greater. Turn off 
pump. Close valves V9 and V10. Open stopcock on 
buret B1 and valve Vll. Turn on pump. Turn off pump 
after 272 ml of feed have been injected.
9. Turn off and unplug variacs that are outside the cage. 
Close valve Vll and open valv'e V10. Drain feed burets.
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When the feed system is cool enough not to flash 
acetone, flush the pump with acetone.
10. A half hour after feed injection set temperature con­
troller on 0°F. Turn off temperature controller, 
temperature recorder, and pressure controller-recorder.
11. Use the following procedure to take a gas sample:
A. Loosely attach evacuated sample cylinder after 
pressure gauge P9.
B. Crack open valve V19 and close.
C. Open valves V16 and V17. Tighten sample cylinder 
fittings. Check for leaks.
D. When pressure P9 is 25 psi, open valve V18.
E. When pressure P9 is 30 psi, close valve V18, then 
valves V16 and V17. If more gas is required to 
reach 30 psi crack open and close valve V19 again. 
When this is not enough, leave valve V19 open and
slightly open, then close valve MV2.
/
F. Disconnect sample cylinder.
G. Repeat steps A-F for second gas sample.
H. Open valve 13.
Routine Shut-down Procedure for Batch Run
1. When the reactor has cooled down to 200°F,. gradually 
increase air pressure to gas control valve (CVlj. As 
the reactor pressure decreases valve MV2 may also be 
gradually opened to increase gas flow rate.
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2. When the reactor pressure (P7) has been bled off, 
unbolt cage door. Turn off and unplug variac. Turn 
off water to dasher.
3. Open valve V3. When reservoir pressure (PI) is 0 psi, 
open and close decrease on regulator R1. Close valves 
VI and V2. Crack open valve V4 and SLOWLY bleed the 
pressure off the flow controller vessel. When the 
pressure (P3) at the inlet to valve MV1 is 0, turn off 
flashing light and fan and open valve V6.
4. Open reactor and collect reactor residue sample.
5. Flush liquid lines and reactor with acetone. If 
catalyst basket is used, sonicate the basket in ace­
tone and benzene until liquid is clear after sonica- 
tion. Place basket in oven at 212°F to dry. Save 
acetone and benzene from rinses so the solids they 
contain may be analyzed. If crushed catalyst is used, 
centrifuge the product to remove catalyst from the 
liquid. Save solids and liquids for analysis.
Continuous Run
1. Turn on temperature controller and recorder. Set 
controller at 770°F.
2. Plug in and turn on variacs inside cage. Use the 
settings listed below:
Location of Heating Tape Variac Setting
Pump Outlet
Gas Control Valve (CV1) 





3. Plug in level controller.
4. Turn on dasher.
5. Preheat feed and take sample.
6. Check to see that:
A. valve MV1 is set at 1.61,
B. Grove forward pressure regulator R4 dome pressure 
is 2250 psi,
C. back pressure regulator R5 is set at 2200 psi,
D. heating tapes inside cage have reached desired 
temperature, and
E. water is still running through rotameter to dasher.
7. Bolt cage door closed.
8. When reactor temperature has reached 700°F open valve 
V6 and hydrogen gas cylinder. Set regulator R1 at 
cylinder pressure. Make sure decrease is closed.
Turn on compressor, light, and pressure controller- 
recorder. Set pressure controller on 2150 psi and 
automatic mode. Close valves MV2 and V14. Open 
valves V13 and V19.
9. When reactor temperature has stabilized at 770°F and 
reactor pressure (P7) has stabilized at 2000 psi, 
plug in and turn on variacs located outside the cage. 
These variacs should be set on 55. Open valves V8,
V9, and V10 and stopcock on buret B2. Fill the burets 
with feed. Close stopcock on buret Bl. Turn on pump. 
Continue priming pump until the feed flow rate is 500 
ml/hr or higher. Time gas flow rate on wet test meter.
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Turn off pump. Refill burets. Record buret read­
ings now and throughout run so the amount of feed 
pumped into the reactor may be determined. Close 
valve V10. Open valve Vll. Turn on pump to start 
feed going to the reactor.
10. Periodically check pressure and temperature, record 
liquid and gas flow rates, and take gas samples.
Use the following procedure to take gas samples:*
A. Loosely attach evacuated sample cylinder after 
pressure gauge P9.
B. Close valve V13. Open valves V16 and V17. Tighten 
sample cylinder fitting. Check for leaks.
C. When pressure P9 is 25 psi open valve V18.
D. When pressure P9 is 30 psi close valve V18. Open 
valve V14. Close valve V16. Open valve V13.
Close valves V14 and V17.
E. Disconnect sample cylinder.
11. Take liquid samples by opening valve V9 after every 
4 times the liquid control valve (CV2) opens and 
closes.
12. If pump stops, flow can usually be started again by 
repriming.
*Note: It is best to take gas samples soon after liquid con­
trol valve (CV2) has opened.
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Routine Shut-down Procedure for Continuous Run
1. Close valves V6 and V19. Turn off compressor and 
pump. Close hydrogen gas cylinder. Set temperature 
controller on 0°F and turn off temperature controller, 
temperature recorder, light, and pressure controller- 
recorder.
2. Unplug and turn off variacs outside the cage. Close 
valve Vll and open valve V10. Drain feed burets.
When feed system is cool enough not to flash acetone, 
flush pump with acetone.
3. When reactor has cooled down to 200°F, open valve V14. 
Close valve V13. Open valve V19. When pressure P10 
is below 10 psi, open valve V13 and close valve V14. 
Set pressure controller on manual mode and gradually 
increase air pressure. As the reactor pressure 
decreases, valve MV2 may also be gradually opened to 
increase gas flow rate.
4. When the reactor pressure (P7) has been bled off, 
unbolt cage door. Turn off and unplug variacs.
Unplug level controller. Turn off cooling water to 
dasher.
5. Open valves V3 and V6. When reservoir pressure (PI) 
is 0 psi, open and close decrease on regulator R1. 
Close valves VI and V2. Crack open valve V4 and 
SLOWLY bleed the pressure off the flow controller 
vessel. On the Grove forward pressure regulator R4,
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open supply and dome valves. When the pressure is 
bled down, turn off flashing light and fan.
6. Collect reactor residue and high pressure separator 
samples.
7. Flush liquid lines, reactor, and separator with ace­
tone. Sonicate catalyst basket in acetone and benzene 
until liquid is clear after sonication. Place basket 
in oven at 212°F to dry. Save acetone and benzene 
rinses so the solids they contain may be analyzed.
Emergency Shut-down Procedure
1. Turn off temperature controller and recorder.
2. Turn off pump.
3. Turn off compressor.
4. Shut front panel valves V6 and V7.
5. Close hydrogen gas cylinder.
When system has reached ambient temperature, follow routine 




This section describes the various analyses performed 
on the feed, liquid product, solids, and product gas. These 
methods are listed below:
1. Coal Liquid Characterization Method
2. Proximate and Ultimate Analyses of Liquids and Solids
3. Carbon-Hydrogen-Nitrogen Analysis of Liquids
4. Total Sulfur Analysis of Liquids
5. Gas Chromatography Analysis
6. Nitrogen Analysis of Gas
Coal Liquids Characterization Method
To analyze for benzene insolubles (unreacted coal, ash, 
and preasphaltenes), asphaltenes, and oils a modification of 
the PERC (Pittsburgh Energy Research Center) method was used.
A minimum of two analyses were performed on each liquid. A 
general outline of this method is given in Figure 11. Details 
of the PERC method are given below.
1. Weigh out a 5-g sample in a centrifuge tube.
2. Pour 150-ml benzene into the tube.
3. Sonicate for 90 sec and centrifuge at 2100 rpm for 
10 min.
4. Pour off benzene solubles into a 500^ml or larger 




COAL LIQUID CHARACTERIZATION METHOD
Coal-Derived Liquids 
(5 grains)
extract, sonicate, and 
centrifuge with benzene














5. Pour 100-ml benzene into each tube. Repeat steps 3 
and 4. Perform a total of three 100-ml benzene 
extractions.
6. Dry benzene insolubles in an oven at 100°C overnight, 
then weigh.
7. Rotavap benzene solubles at atmospheric pressure and 
95°C, and then under a vacuum and 95°C. Benzene will 
be recovered as the overhead product. (The rotavap 
is shown in Figure 12.)
8. Pour liquid not evaporated during rotavaping into a 
weighed centrifuge tube. Rinse flask with 1-ml benzene 
three times. Pour each rinse into the tube.
9. Pour 150-ml pentane into the tube.
10. Sonicate for 90 sec and centrifuge at 2100 rpm for 10 
min.
11. Pour off pentane solubles being careful not to lose 
solids from centrifuge tube and discard liquid.
12. Repeat steps 9-11 for two 100-ml pentane extractions.
13. Allow pentane insolubles to dry overnight at room 
temperature, then weigh.
Proximate and Ultimate Analyses of Liquids and Solids
Complete proximate and ultimate analyses were performed 
on the feed and liquid product samples by the Colorado School 
of Mines Research Institute according to ASTM (American 
Society for Testing and Materials) designation: D271. In the





Carbon-Hydrogen-Nitrogen Analysis of Liquids
The Colorado School of Mines chemistry department used 
a Carlo-Erba CHN and 0 Elemental analyzer to determine the 
weight percent of carbon, hydrogen, and nitrogen in 
liquids. , The analyzer has been interfaced with a Hewlett- 
Packard 3380A recording integrator. This interfacing device 
causes automatic printout by the recorder-integrator after 
each sample is completed. The integrator also directly pro­
vides the weight percentages of carbon, hydrogen, and nitro­
gen in a given unknown sample provided the proper peak area- 
component mass ratios are calculated from standard samples 
and inputed first. Since this technique was new to the chem­
istry department, most of the samples were also sent out for 
proximate analysis by the Research Institute.
Total Sulfur Analysis of Liquids
To analyze for the total sulfur content of liquids the 
Leco induction furnace technique, ASTM D1552-64 (49) was used 
with the following changes:
1) Section 3(a) 1 -- Replace Figure 1, Combustion Tube, 
with Leco "L" Modification of the Combustion Tube assembly.
2) Section 8(a) -- Replace the entire section with the 
following procedure. Add approximately 0.15 g of chemically 
pure MgO to a sample crucible and weigh the crucible to 0.1 
mg. Add approximately 50 mg of sample to the crucible and 
weigh to 0.1 mg. Add about 0.15 g more MgO to the crucible. 
Add about 2.3 g of low-sulfur iron accelerator to the geo-
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metric center of the crucible. Sprinkle about 0.6 g of tin 
accelerator on the mound of iron accelerator. Cover the 
crucible with a porous lid and place on the furnace pedestal.
3) Section 8(b) -- Add the following procedure: Com­
bustion time, defined as the period during which plate cur­
rent is greater than 350 ma, must be three to five minutes.
When combustion is completed, add KIO^ titrant until the 
reading on the millivolt meter of the titrator returns to 
its original position (10 mv).
The analysis system consisted of an induction furnace, 
a purification train, and a semi-automatic titrator as shown 
in Figures 13, 14, and 15. The gas purifying train contained 
an acid tower, a dry reagent tower, and a rotameter, and was 
used to measure and scrub any residual sulfur from the enter­
ing oxygen. The induction furnace was a Leco model 521, 
equipped with the "L" modification on the combustion chamber.
A special feature of the "L" modification was the inclusion 
of a high temperature igniter in the combustion chamber. The 
exhaust gases from the induction furnace combustion chamber 
were sent through a glass delivery tube and into the Leco 
semi-automatic titrator model 518. The semi-automatic titra­
tor used an idiometric reaction with a color change endpoint 
to analyze the combustion gases. This method, proved to be 
both rapid and reliable for analyzing the liquid products for 















Product gas was analyzed with a Carle Instruments Model 
8001 gas chromatograph. It was fitted with an external valve 
oven, two eight-foot Parapak Q columns, and one six-foot 
molecular sieve column in a series by-pass arrangement. The 
columns and thermoconductivity detector were maintained 
isothermally at 170°C. Helium was used as the carrier gas. 
The gas analysis system is shown in Figure 16.













Calibration of the gas chromatograph has been accom­
plished by determining an average response factor for pure 
components relative to carbon monoxide, and an average reten-
jtion time for each component. A summary of this calibration 









4. Carbon Monoxide 1.0000
5. Ethylene 0.9155
6. Ethane 0.8213
7. Hydrogen Sulfide 0.8201







































The procedure used to analyze the gaseous products is 
given as follows:
1) The sample cylinder is attached to the gas system 
by a short length of 1/4-in. stainless steel tubing.
2) The total system is evacuated and the sample cylinder 
is filled by slowly opening the valve on the sample 
cylinder.
3) The system pressure is brought to 10-in. Hg by slowly 
opening the valve between the sample cylinder and the 
gas chromatograph.
4) A gas sample is injected into the gas chromatograph 
and the attenuation control is set at the proper level 
for each component..
Nitrogen Analysis of Gas
Nitrogen analysis of the product gas was performed by 
TOSCO Corporation using microcoulometry. The amount of nitro­
gen determined by this analysis includes ammonia and amines 
but not elemental nitrogen that may have entered the sample as 
air when it was taken. Since the nitrogen contents of the 
product gases in batch runs were quite low, microcoulometric 
analysis was not used in continuous runs.
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EXPERIMENTAL DESIGN
This section describes the purpose and reaction con­
ditions for batch and continuous hydrodenitrogenation experi­
ments. The catalysts chosen for these runs are also dis­
cussed. The basic experimental design was selected after 
searching the literature and contacting catalyst vendors.
Batch Hydrodenitrogenation Experiments
The batch hydrodenitrogenation experiments were primar­
ily designed to determine initial hydrogenation, hydro- 
desulfurization, and hydrodenitrogenation activity of the 
catalysts. These runs were also helpful in shaking down the 
system. The reactions conditions used were: 30-minute run
time, 60-ml (-29 g) catalyst charge, 250-ml (0.0.66 gal) feed,
and a temperature of 410°C (770°F). Initial hydrogen pres-
2sure in the reactor was 141 kg/cm (2000 psi) 
at reaction conditions. The high run pressure was used to 
help prevent coke laydown on the catalyst. The liquid feed 
was a 1:1 weight ratio of recycle oil to clarified filter 
feed. The filter feed was obtained from the Fort Lewis SRC 
pilot plant. An ultimate analysis of this raw feed mixture 
and a rough breakdown into liquid classifications is given in 
Tables 3 and 4. Until the catalyst basket arrived, catalyst 
was ground to -200 mesh and placed in the bottom of the reac­
tor. Once the basket arrived, the catalyst was used in the 



















Ultimate and Proximate Analyses of Liquid Feed
1:1 wt ratio of Recycle Oil to 


























Avg. of CDN IV: Feed 1, Feed 2, and Feed 3




Coal Liquid Characterization for Liquid Feed
As Received
Analysis HDN I CDN XVb




clBenzene insolubles consists of ash and preasphaltenes 
^Avg. of CDN IV: Feed 1, Feed 2, and Feed 3
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with the same catalyst at different pressures. In the last 
batch run, HDN IX, hydrogen was added during the run to main­
tain the pressure at 2000 psi. For these experiments a 
stirred Carberry-type reactor was selected over a trickle- 
bed reactor so that the data would be better suited to later 
kinetic analysis.
Continuous Hydrodenitrogenation Experiments
The set of continuous hydrodenitrogenation experiments 
were designed to obtain the hydrogenation, hydrodenitrogenation, 
and hydrodesulfurization activity curves of catalysts at 
selected conditions. After comparing these curves, the cata­
lysts with higher activities could be examined in greater 
detail. Due to time limitations data was taken for only one 
catalyst. The reaction conditions chosen were; a liquid feed 
flow rate of 500 ml hr (0.13 gal/hr), a half hour residence 
time, hydrogen flow rate of 2000 scf hydrogen per bbl of feed, 
a bulk catalyst volume of 75 ml (4.5 in. ), a pressure of 141 
kg/cm^ (2000 psig), and a temperature of 410°C (770°F). The 
liquid feed was the same as that used in the batch experiments.
Catalysts
After contacting the catalyst vendors listed in Appendix 
C, five NiMo and NiW catalysts were chosen for preliminary 
evaluation. NiMo and NiW catalysts were selected for their 
high nitrogen-removal ability in petroleum and shale-oil 
fractions. The specific catalysts were chosen by the amount 
of metal on the support, the type of support, the average
T 1973 81
pore diameter, surface area, and pore volume. For comparison 
with other hydrogenation systems, a CoMo/Al catalyst was also 
selected to be used in continuous runs. These catalysts and 
their properties are listed in Table 5. Batch and continuous 
runs were made without any catalyst, so the net effects of 
the catalysts could be determined. The catalysts chosen 
influenced the selection of the reaction temperature. Since 
these catalysts are mainly used for hydrogenation, a tempera­
ture (770°F) in the range where hydrogenation is the rate- 
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DISCUSSION OF EXPERIMENTAL RESULTS
The results obtained from this study are discussed in 
the following sections:
1. Batch Hydrodenitrogenation Experiments
2. Continuous Hydrodenitrogenation Experiments
Batch Hydrodenitrogenation Experiments
In this section the following results from the batch 
hydrodenitrogenation experiments are presented and discussed:
1. Hydrogenation of the feed
2. Desulfurization of the feed
3. Denitrogenation of the feed
4. Overall and carbon mass balances
Runs HDN I-VI were made at approximately the same operat­
ing conditions using one of five catalysts (shown previously) 
or no catalyst. These catalysts were ground to -200 mesh.
Runs HDN VII-IX were made with Ketjenfine 153, 1/16 in. 
extrudate catalyst in the catalyst basket. Ketjenfine 153 
catalyst was chosen because it indicated the best hydrogena­
tion activity in the six previous runs, based on gross hydro­
carbon analysis by the PERC method. The ultimate analyses 
and LECO analyses had not been performed when this catalyst 
was chosen. Runs HDN VII and VIII varied only in operating 
pressure. In run HDN IX hydrogen was added throughout the 
experiment to maintain an operating pressure of about 2000 
psi. Run conditions are listed in Tables 6 and 7.
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Table 6 
General Run Conditions 
Batch Hydrodenitrogenation Experiments
Catalyst Size: HDN I-VI - 200 mesh
HDN VII-IX - 1/16 in. extrudate 
Catalyst Volume: 50 ml
Approximate Reaction Temperature: 770°F (410°C)
2Approximate Initial Reaction Pressure: 2000 psig (141 kg/cm )
Approximate Reaction Time: 30 minutes
Material Charged: =250 ml 1:1 wt ratio of clarified SRC
filter feed to recycle oil
T 1973 85
Table 7 
Specific Run Conditions 
Batch Hydrodenitrogenation Experiments
Pressure (psig) Temp. (°F)
Run No. Catalyst Initial Final Initial Final
HDN I Harshaw Ni-4301 2050 1840 775 770
HDN II Harshaw Ni-4303 2000 1850 730 770
HDN III Shell 324 2080 1760 720 780
HDN IV None 2040 2170 690 760
HDN V Ket j enfine 153 2000 1800 700 770
HDN VI Cyanamid HDS-9A 1960 1600 715 770
HDN VII Ketjenfine 153 1710 1260 770 770
HDN VIII Ketjenfine 153 2100 1480 740 750
HDN IX Ketjenfine 153 2000 1940a 770 780
Hydrogen was added throughout the run.
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So that the batch hydrodenitrogenation experiments may 
be compared, all analyses on the liquid product were performed 
on a centrifuged sample. In the runs with powdered catalysts 
this was necessary to remove the catalyst from the liquid. 
Appendices D and E contain the data and sample calculations 
for the batch hydrodenitrogenation experiments.
Hydrogenation of the Feed
Of the runs made with powdered catalysts, run HDN V using 
Ketjenfine 153, NiMo/SiAl catalyst had the greatest decrease 
in benzene insolubles and increase in oils. The NiMo 
catalysts had greater liquefaction activities than NiW 
catalysts. Even though the weight composition of nickel and 
molybdenum in Cyanamid HDS-9A and Shell 324 catalysts is of 
quite different proportions, they still had approximately 
the same effect on hydrogen uptake by the feed. Both 
catalysts were on alumina supports. All runs made with 
catalysts showed considerably better hydrogenation of the 
feed than when no catalyst was present.
Reduction in benzene insolubles increased from 63.9 
percent to 90 percent when the catalyst basket was used.
This suggests that the catalyst basket provided better gas- 
liquid catalyst contact. As the reaction pressure increased 
from HDN VII to run HDN IX the reduction of benzene insol­
ubles remained about the same and the amount of oils 
increased. Figures 17 and 18 show the reduction of benzene 
insolubles and increase in oils for each batch run.
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Figure 17
PERCENT REMOVAL OF BENZENE INSOLUBLES 
IN LIQUID SAMPLES 
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PERCENT INCREASE OF OILS IN LIQUID SAMPLES 
BATCH HYDRODENITROGENATION RUNS 












Desulfurization of the Feed
The amount of sulfur removed from the feed was calcu­
lated from LECO results. Since a LECO analysis was not made
on HDN-I feed, a value of 0.49 weight percent sulfur was 
used. This value is an average of the weight percentages of 
sulfur in HDN-II feed and HDN-III feed.
No obvious trend was evident between the metal composi­
tion of the catalyst or catalyst support and desulfurization. 
This may be due to dissolved hydrogen sulfide gas present in 
the liquid samples. In the continuous runs, the liquid 
samples were vacuum stripped and sulfur in the stripped 
samples varied considerably from the sulfur composition in 
the fresh samples. If the batch liquid samples would have 
been stripped, a sulfur removal trend may have appeared. The 
amount of sulfur removed with no catalyst present was within 
the error of the technique used for sulfur analysis. When 
the operating pressure increased from run HDN VII to run 
HDN VIII the sulfur removed also increased.
Figure 19 shows the percent desulfurization of the feed 
for each batch run.
Denitrogenation of the Feed
Run HDN-I with Harshaw Ni-4301, NiW/SiAl catalyst had 
the best nitrogen removal at 83 percent. Harshaw Ni-4303, 
NiW/Al catalyst dropped down to 16 percent nitrogen removal. 
The nitrogen removal for powdered NiMo catalysts and no 
catalyst were within the error of the technique used for 
nitrogen analysis. All batch runs in which the catalyst
T 1973 90
Figure 19








0 11 1 1 1 1       LJ___— --------
PERCENT I II III ■ IV V VI VII VIII IN 
SULFUR
REMOVED HDN RUN NUMBER
T 1973 91
basket was used had approximately the same nitrogen removal. 
If the liquid samples would have been vacuum stripped, the 
relative nitrogen contents may have changed. Figure 20 shows 
the nitrogen removal for each batch run.
Overall and Carbon Mass Balances
A minimum of 93 percent of all the material and 86 per­
cent of the carbon put into the reactor was recovered. The 
following assumptions were made when calculating the amount 
of gas in the reactor:
1. The volume of gas was 720 ml.
2. The gas was ideal.
3. Any air in the gas sample entered when the sample
was taken.
4. The initial gas composition is based on 10 percent 
hydrogen sulfide and 90 percent hydrogen at 700°F 
and 2 atm. The gas added to reach the initial tem­
perature and pressure is hydrogen.
The amount of feed injected was not accurately known since it 
was determined from a buret having 25-ml graduations.
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Overall and Carbon Mass Balances 
Batch Hydrodenitrogenation Experiments
Overall Carbon
Mass Balance Mass Balance
Run No. (%) (*)
HDN I 98 98
HDN II 99 99
HDN III 94 92
HDN IV 95 94
HDN V 96 98
HDN VI 96 94
HDN VII 100 87
HDN VIII 97 101
HDN IX 99 a 94
aDoes not include hydrogen added after the feed was injected.
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Continuous Hydrogenation Experiments
In this section the following results from the continu­
ous hydrogenation experiments are presented and discussed:
1. Run observations and resulting improvements
2. Hydrogenation of the feed
3. Desulfurization of the feed
4. Denitrogenation of the feed
5. Catalyst attrition
6. Overall and carbon mass balances
The approximate operating conditions for the continuous 
experiments are listed in Table 9. American Cyanamid HDS-9A 
NiMo/Al catalyst was used in runs CDN II-IV. No catalyst was 
used in run CDN V. Examples of temperature and pressure 
curves are given in the next section where run CDN IV is
discussed. Appendices F and G contain the results and sample
calculations for the continuous hydrodenitrogenation experi­
ments .
Run Observations and Resulting Improvements
Run CDN I ended after catalyst presulfiding, and tem­
perature and pressure stabilization. The shutdown was caused 
by the slippage of the gas metering valve (MV1) and extremely
low liquid feed flow rate. No data was .obtained from this
run.
After the gas metering valve was recalibrated and the 
pump inlet line was heat traced, run CDN II was made. It 
lasted approximately 1.5 hrs. The run was terminated because 





Approximate Reaction Temperature: 770°F (410°C)
2Approximate Reaction Pressure: 2000 psi (141 kg/cm )
Feed: 1:1 wt ratio clarified SRC filter feed to recycle oil
Approximate Feed Flow Rate: 500 ml/hr
Approximate Liquid Residence Time: 1/2 hr
Gas: hydrogen
Gas Treatment Rate: 2000 scf ^/bbl feed
Catalyst3": American Cyanamid HDS-9A
NiMo/Al,1/16-in. extrudate
Catalyst Amount3-: 75 ml (-59 g)
aNo catalyst was used in CDN V.
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corrected by heat tracing the control valve. Since only one 
liquid sample was collected, data from this run was not 
thoroughly analyzed.
The duration of run CDN III was approximately 3.2 5 hrs.
A decrease in liquid flow rate from 500 ml/hr to 50 ml/hr 
caused this run to be stopped. To help maintain a constant 
liquid flow rate, the Kel-F pump diaphragm was replaced with 
a stainless steel diaphragm and the pump and reagent heads 
were changed. The feed burets and pump outlet line were 
also heat traced. Liquid and gas samples were taken at 
approximately half-hour intervals. Six liquid samples were 
collected. When manually sampling the liquid product, the 
flow rate through the liquid control valve (CV2) was unknown. 
This resulted in an inconsistent amount of sample being with­
drawn from the high pressure separator. Liquid sample 5 
was taken immediately after liquid sample 4 to lower the 
liquid level in the high pressure separator. For this run 
the liquid residence time in the high pressure separator 
would be difficult to reproduce. To improve the safety 
aspect of liquid sampling, a level controller was installed 
in the high pressure separator. This insured a liquid seal 
between the high and low pressure separators when the liquid 
control valve (CV2) was open. Previously, the liquid level 
in the high pressure separator had been approximated from the 
feed flow rate.
Run CDN IV was approximately 7.5 hrs long. Liquid 
samples were taken after every four openings of the liquid
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control valve (CV2) or approximately every 2 5 min. Fourteen 
liquid samples were collected. The gas samples were first 
taken at half-hour intervals. As the product gas composition 
leveled out longer intervals passed between gas samples. Some 
of the gas chromatographic analyses were incomplete and over­
lap due to an unexpected increase in retention time after 
minor G.C. modification. The temperature curve for the start 
of run CDN IV is given in Figure 21. An increase in tem­
perature of approximately 50°F occurred when the feed was 
first started to the reactor. When liquid flow was restarted 
after the pump stopped the temperature increased about 7 5°F.
A temperature of 770°F t 10°F was maintained for this run, 
with approximately 20°F temperature cycles occurring every 
30 minutes. Figure 22 shows the variation in reactor pressure 
with run time. Until liquid sampling began, the reactor 
pressure was approximately constant at 2000 psig. The auto­
matic liquid sampling system caused approximately a 100 psi 
pressure drop, however the pressure returned to 2000 psi 
before the valve opened again. As a result of the pressure 
variation the product gas flow rate varied from approximately 
20 &/hr to 290 &/hr at standard conditions. The gas flow 
rates recorded in Appendix F were time averaged. The liquid 
sampling system also caused liquid product to be carried over 
into the gas sampling and clean-up system. This problem was 
corrected by installing a second low pressure separator and 
a knock-out flask before the wet test meter. The pump 
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the withdrawal of liquid samples 4 and 5.
The duration of run CDN V was approximately 6.5 hrs. 
Liquid and gas samples were taken by the same method used in 
run CDN IV. Seventeen liquid samples were collected. The 
pump stopped twice between the withdrawal of liquid samples 
8 and 9.
Hydrogenation of the Feed
In run CDN III the weight percent benzene insolubles 
decreased with time while the weight percent oils increased 
with time. Figures 23 and 24 are graphs of these results.
During run CDN IV the weight percent benzene insolubles 
in the liquid product increased from about 5 percent to 9 
percent while the weight percent oils in the liquid product 
decreased from approximately 88 percent to 80 percent. This 
represents a 68-percent to 40-percent removal of benzene 
insolubles and 22-percent to 12-percent increase in oils 
when compared to the feed. The decreasing hydrogenation 
activity suggests the catalyst became poisoned during the 
run. The hydrogenation results for run CDN IV are shown in 
Figures 2 5 and 26.
In run CDN V the weight percent benzene insolubles and 
oils were approximately the same as in the feed. This run 
shows that feed treatment without catalyst is not an effective 
method of hydrogenation and that the hydrogenation activity 
in run CDN IV is due to the catalyst. The hydrogenation 
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Desulfurization of the Feed
The sulfur contents of liquid■samples were determined 
as they were collected and after vacuum stripping. Since 
vacuum stripping removes dissolved gases, the stripped 
samples represent the effectiveness of the reaction system 
more accurately than the as-received samples. The results 
presented in this section are from LECO analyses.
During run CDN III the weight percent sulfur in as- 
received liquid samples decreased. The sulfur data for 
stripped liquid samples were scattered making it difficult 
to observe a trend. These results are shown in Figure 29.
In run CDN IV the weight percentages of sulfur in the 
as-received and stripped liquid product samples were 1) well 
below the weight percentage of sulfur in the average feed, 
and 2) approximately constant throughout the run. For 
stripped samples approximately 60-percent of the sulfur in the 
feed was removed and for as-received samples approximately 
50-percent of the sulfur in the feed was removed. The data 
for stripped samples were more scattered than the data for 
as-received samples. The weight percentages of sulfur in run 
CDN IV on as-received and stripped liquid samples are pre­
sented in Figures 30 and 31.
In run CDN V the sulfur content of the liquid product 
samples was approximately constant. For both stripped and 
as-received samples about 10-percent of the sulfur in the feed 
was removed. Since this amount of sulfur removal is small in 
comparison with the amount of sulfur removal in run CDN IV,
T 1973
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the catalyst is thus shown to be important in hydrodesulfuriza- 
tion. The weight percentages of sulfur in run CDN V liquid 
samples are shown in Figures 32 and 33.
Denitrogenation of the Feed
Nitrogen values from the Carlo-Erba analyzer are pre­
sented in Figures 34 and 3 5 for runs CDN IV and CDN V. The 
other continuous runs were not of sufficient length to pro­
duce reliable data and thus were not analyzed by this method.
In run CDN IV the nitrogen content of the stripped liquid 
samples initially decreased, then leveled out, and finally 
increased. Liquid sample ten may be an aberation in the data. 
The initial increase in catalyst activity may have been due 
to further sulfiding of the catalyst from sulfur in the feed. 
The decline in catalyst activity near the end of the run was 
probably the result of catalyst poisonin-g from ash and coke.
The maximum nitrogen removal at any time during the run was 
27 percent.
In run CDN V (blank run) the nitrogen contents of the 
stripped liquid samples were approximately the same as the 
nitrogen content of the stripped feed. This suggests that 
it would be difficult to remove nitrogen without a catalyst*.
The maximum nitrogen removal at any time during the run was 
7.4 percent.
Catalyst Attrition
In Table 10 the effects of the continuous runs on 
catalyst weight are presented. The initial weight of fresh 
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Effects of Run on Catalysts Weight 
Continuous Hydrodenitrogenation Experiments
Catalyst: American Cyanamid HDS-9A





Run No. CDN II CDN III
Fresh Catalyst Weight
After Drying (g) 5 7.43 57.29
Catalyst Left After 
Regeneration (wt %)
Basis:
a. Fresh catalyst 101.18 90.08
b. Soent catalyst 81.91 82.56
3.No catalyst was used in run CDN V.
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in a furnace for one hr at 475°C. The weight of dried spent 
catalyst was measured after the catalyst has been washed in 
benzene and acetone, and dried in an oven at 100°C. The 
weight of regenerated spent catalyst was measured after the 
catalyst had been regenerated in a furnace for one hour at 
475°C. The gain in catalyst weight during the run is prob­
ably due to coke laydown. The weight of regenerated spent 
catalyst was approximately equal to the weight of dried fresh 
catalyst for the same run. The catalyst changed color from 
light green when it was fresh, to dark brown after the run, 
and back to green when regenerated.
Overall and Carbon Mass Balances
A minimum of 75 percent of all the material and 69 per­
cent of the carbon fed into the reactor was recovered. The 
mass balance improved as more runs were made. Since ultimate 
analysis data were not obtained for run CDN V and the carbon 
values from the Carlo-Erba analyzer are inaccurate due to 
contamination from carbon in the glass bulbs used in this 
method; a carbon mass balance was not made on run CDN V. 
Overall and carbon mass balances are given in Table 11.
The following assumptions were made in calculating the 
mass balances:
1. All gases were ideal.
2. The treatment gas was pure hydrogen.
3. Any air in the gas sample entered when the sample was 
taken.
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4. The product gas flow rate may be represented by 
averaging the maximum and minimum rates that were 
taken before and after each gas sample.
5. The gas initially in the system when the feed was 
injected and the gas in the system at the end of 
the run may be neglected.








Overall and Carbon Mass Balance 
Continuous Hydrodenitrogenation Experiments
Overall Carbon





cLNecessary data was not available.
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CONCLUSIONS
The conclusions that may be drawn from the batch hydro­
denitrogenation experiments and continuous hydrodenitrogena­
tion experiments are listed below. They have been shown to 
be valid only for the particular catalysts, run conditions, 
and feed studied.
Batch Hydrodenitrogenation Experiments
1. Catalysts were more effective when used with the 
catalyst basket in its extrudate form than when used 
as a -200 mesh powder.
2. NiMo catalysts had better liquefaction activities 
than NiW catalysts.
3. For unstripped liquid samples there was no obvious 
correlation evident between the metal composition 
of the catalyst and percent desulfurization of the 
feed or between the type of catalyst support and 
percent desulfurization of the feed.
4. For unstripped liquid samples, Harshaw Ni-4301, NiW/ 
SiA'l catalyst had by far the best denitrogenation 
activity. Liquid product made when using this 
catalyst was below the current federal standards of 
performance for oil-fired power plants.
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Continuous Hydrodenitrogenation Experiments
1. American Cyanamid HDS-9A catalyst had significant 
hydrogenation ability. Feed treatment without 
catalyst was not an effective means of hydrogena­
tion.
2. American Cyanamid HDS-9A catalyst had significant 
hydrodesulfurization ability. In comparison to 
catalytic sulfur removal, a low amount of sulfur was 
removed from the feed during the blank run.
3. Feed treatment with American Cyanamid HDS-9A catalyst 




Listed below are recommendations for further study:
1. Further research is needed to evaluate the selected 
catalysts in a continuous operation so the "best11 catalysts 
may be selected. These catalysts can then be used in a 
kinetic study to determine the catalyst’s effect on overall 
activation energy, overall rate constant, and overall reac­
tion order for hydrodenitrogenation, hydrodesulfurization, 
and hydrogenation reactions. Optimum reaction conditions may 
also be determined.
2. When additional research is performed, the feed should 
be changed to one that is easier to handle, analyze, and 
understand. The new feed should be less viscous and more 
homogeneous. It should especially not contain solids.
3. Better analysis and product handling techniques need 
to be developed so small differences in sulfur and nitrogen 
content of the liquid samples will not be obscured.
4. Due to liquid retention in the high pressure sep- 
arator the liquid samples represent an average of run times. 
For more meaningful samples that would represent a particular 
run time, the liquid sampling system should be modified to 
include a method to withdraw small samples before the high 
pressure separator. These samples would be analyzed for sul­
fur and nitrogen content.
5. Gas sampling could be simplified by installing an 
inline gas chromatograph. The gas chromatograph should be
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chosen so adequate separation may occur during a short reten­
tion time.
6. For-more accurate measurement of gas flow the wet 
test meter should be replaced with a mass flow-meter.
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1. Acco-Bristol Division 
4903 Nome Street 
Denver, CO 80239 
(303) 371-5460
2. Acco-Bristol Division 
40 Bristol Street 
Waterbury, CT 06720 
(203) 756-4451
3. Autoclave Engineers, Inc.
Erie, PA
c/o D. D. Frederick Co.
115 West 3rd Street 
Tulsa, OK 74103 
(918) 584-1429
4. Automation Products, Inc.
3030 Max Roy Street 
Houston, TX 77008
(713) 869-0361
5. Badger Meter Co.
Tulsa, OK
c/o W. M. Murphy § Co.
5785 N. Sheridan 
Arvada, CO 80002 
(303) 423-8370
6. Fischer Controls Co. 
Marshalltown, IA
c/o James E. Rawley § Co. Inc. 
6780 S. Emporia St., Box 1377 
Englewood, CO 80110 
(303) 771-1530
7. Grove Products 
New Orleans, LA 
Brock Easley, Inc.
3700 Havana Street, Suite 212 
Denver, CO 80239 
(303) 371-1590
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8. Hoke Incorporated 
Cresskell, N.J.
c/o Ross Equipment Co.
2149 South Clermont 
Denver, CO 80222 
(303) 759-4215
9. Industrial Materials Co.
2845 Walnut, P.O. Box 585 
Denver, CO 80201
(303) 222-0891
10. Leeds § Northrup Co.
2715 South Locust Street 
Denver, CO 80222
(303) 759-2701
11. Matheson Gas Products
1920 West J Street, P.O. Box 908 
La Porte, TX 77571 
(713) 471-2544
12. Moore Products Co.
6001 Gulf Freeway, Suite B-109 
Houston, TX 77023 
(713) 923-7686
13. Newark Wire Cloth Co.
3 51 Verona Ave.
Newark, NJ 07104 
(201) 483-7700
14. Pulsafeeder Products/Interpace Co. 
Leroy N.Y. 14482
c/o Centennial Equipment Co. Inc. 
2926 W. 20th Ave.
Denver, CO 80211 
(303) 433-8889
15. Precision Scientific Co.
Chicago, IL
c/o V.W.R. Scientific 
3700 Havana St., P.O. Box 39396 
Denver, CO 80239 
(303) 371-0970
16. Whitey Research Tool Co. 
Emeryville, CA
c/o Denver Valve § Fitting Co.
970 Simms St., P.O. Box 15636 
Denver, CO 80215 
(303) 238-1319
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CALIBRATION CURVE FOR METERING VALVE MV1 
Gas: Hydrogen
Regulator R4: 2250 psig 
Regulator R5: 2200 psig
j j r j |—
1.55 1.60 1.66 1.70 1.75






1. Air Products and Chemicals Inc. 
Houdry Division
Chemicals Group 




2. Alco Chemical Corp.
Catalyst Department 
Trenton Ave. and William St. 
Philadelphia, PA 19134
3. Akzo Chemie vu Ketjen Catalyst 
c/o Armak Co.
Development Manager 
P.O. Box 1805 
Chicago, IL 60690 
(312) 786-0400
4. American Cyanamid Company 
Refinery Chemicals Department 
Technical Services
Bound Brook, NJ 08805 
(201) 356-2000
5. Catalysts and Chemical Inc. 
Products Manager
1227 So. Twelfth Street 
P.O. Box 8 6  
Louisville, KY 40201 
(502) 637-9751
6 . Catalytic Products, Inc.
Box 764
West Chester, PA 19380
7. Chevron Research Co.
Process Engineering Department 
576 Standard Ave.
Richmond, CA 94802 
(415) 237-4411
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8 . E. I'. Du Pont de Nemours § Co., Inc. 
Industrial Chemicals Department 
Research § Development Division 
Experimental, Station I 
Wilmington, DE 19898
9. Englehard Minerals § Chemical Corp. 
Englehard Industries Division 
Catalyst Department
430 Mountain Ave.
Murray Hill, NJ 07974
10. Exxon Research § Engineering Co.
Baytown Research § Development Division 
Liquefaction Research Laboratory
P.O. Box 4255 
Baytown, Texas 77520 .
(713) 427-5711, ext. 3300
11. Girdler Chemical, Inc.
Technical Services 
P.O. Box 337 
Louisville, KY 40201 
(502) 366-9541
12. Grace, W. R. § Co.
Davison Chemical Division 
Petroleum Chemicals Department 
Special Products
Charles § Baltimore Streets 
Baltimore, MD 21203 
(301) 727-3900
13. The Harshaw Chemical Co.
Division of Kewanee Oil Co.
Catalyst Division
1945 East 97th Street 
Cleveland, OH 44106
(216) 721-8300




St. Louis, MO 63160
15. Mobil Research § Development Corp. 
Research Department





4001 W. 71 Street 
Chicago, IL 60629
17. Norton Co.






18. Phillips Petroleum Co.
Natural Resources Group 
Exploration § Production 
Bartlesville, OK 74004 
(918) 661-6600
19. Shell Chemical Co.





20. Union Carbide Corp.
Linde Molecular Sieves 
100 Oceangate
Long Beach, CA 90802 
(213) 435-3721
21. Union Oil Company of California 
Research § Development
Union Oil Center 
Box 7600
Los Angeles, CA 90051
22. Universal Oil Products Co.
Process. Research and Development
Ten UOP Plaza-Algonquin § Mt. Prospect Roads 
Des Plaines, IL 60016 
(312) 391-2000
23. Ventron Corporation 
Chemicals Division 
Congress Street 
Beverly, MA 01915 
(617) 922-1875
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SUMMARY OF DATA 
Batch Hydrodenitrogenation Experiments
Run HDN -I HDN -II
Catalyst Harshaw N- 4301 Harshaw Ni-4303
Conditions Initial Final Initial Final
P (psig) 2050 1840 2 0 0 0 1850
T (°F) 775 770 730 770
Composition Feed Product Feed Product
Liquid
Weight (g) 272.50 264.40 245.25 233.80
PERC Analysis
Benzene Insolubles (wt %) 12.17 6.09 13.07 7.06
Asphaltenes 15.21 16.11 13.19 14.47
Oils 72.62 77.80 72.94 78.47
Ultimate Analysis
C (wt %) 87.3 87.3 86.4 86.5
H 9.71 7.91 7.99 8.08
N 0 . 8 6 0.15 1 . 1 0 0.92
S 0.56 0.40 0.62 0.33
0 0.41 3.72 2.42 3.86
Ash 1.16 0.52 1  .,47 0.31
LECO Analysis (wt %) 0.49d 0.25 0.48 0 . 2 2
Gas
GC Analysis
H 2  (mole %)
ch4
CO
c 2 h 4



















0 . 6 6
0 . 0 2
0.07
Microcoulometry
NH 3 '- (mole %) <0 . 0 0 0 2 0 . 0 0 2
Solid Catalyst Product Catalyst Product
Weight (g) 27.62 29.35 30.26 36.7
Analysis
C (wt %) -- -- -- 14.5
H -- -- -- 1.26
a approximation calculated from T § P 
*b TR = trace, <0.01%
c nitrogen other than N 2  in gas, i.e. methylamine, ammonia 
d value was assumed to be the average of the amounts of sulfur 
in HDN II and HDN III feeds
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Run HDN--III HDN- IV
Catalyst Shell 324 None
Conditions Initial Final Initial Final
P (psig) 2080 1760 2040 2170
T (°F) 720 780 690 760
Composition Feed Product Feed Product
Liquid
Weight (g) 269.3 239.10 266.13 250 . 6
PERC Analysis
Benzene Insolubles (wt %) 12.07 5.12 14.4 10.40
Asphaltenes 15.37 16.02 13.33 15.88
Oils 72.56 78.87 72.27 73.72
Ultimate Analysis
C(wt %) 87.7 87.0 88.9 87.6
H 7.06 7.99 8.32 8.09
N 0.94 0.82 0.81 0 . 8 6
S 0.57 0.44 0.64 0.61
0 2.57 2.59 0 . 2 0 2.15
Ash 1.16 1.16 1.13 0.69
LECO Analysis (wt %) 0.50 0.16 0.47 0.43
Gas
GC Analysis
H 2  (mole %)
ch4
CO
c 2 h 4









0 . 0 1
0.52
h 2s




0 . 0 2
0.06
0.14a 0 . 0 2
0.59
0 . 0 1
0 . 0 2
Microcoulometry
NH 3 c (mole 1 ) <0 . 0 0 0 2 < 0 .0 0 (
Solid Catalyst Product Catalyst Produi
Weight (g) 29.77 38.9 0 . 0 0 1.36
Analysis
C (wt %) 15.6 58.1
H 1.35 3.51
























H 2  (mole %)
CH4
CO
c 2 h 4C2H6
h 2s
































0.14a 0 . 2 2
1.36
























99 . 8  5a 95.46
2.48
0.06
0 . 0 1
0 . 8 6
0.15a 0 . 2 1
0 . 8 6
0 . 0 1
0.04





a-d given on first page of this table
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Run HDN-VII HDN-VIII
Catalyst Ketj enfine 153-1.5E Ke tj enfine 153-1.5E
Conditions Initial Final Initial Final
P (psig) 1710 1260 2 1 0 0 1480
T (°F) 770 770 740 750
Composition Feed Product Feed Product
Liquid
Weight (g) 265.00 243.47 264.00 244.33
PERC Analysis
Benzene Insolubles (wt 14.96 1.44 13.91 0 . 8 6
Asphaltenes 13.17 1 2 . 0 0 13.33 7.69
Oils 71.87 86.56 72.76 91.46
Ultimate Analysis
C (wt %) 88.69 83.40 83.20 89.60
H 8 . 2 1 9.88 7.33 9.35
N 1.13 0 . 8 8 1.15 0.84
S 0.61 0.17 0.58 0.45
0 5.65 5.87
Ash 1.36 0 . 0 2 1.87 0.03
LECO Analysis (wt %) 0.48 0.17 0.49 0.07
Gas
GC Analysis
H 2  (mole 1 )
ch 4
CO
c 2 h 4










0 . 0 1TRb
0.80
h 2s








0 . 0 2
0.04
Microcoulometry




31.89 44.41 34.61 40 .17





0 0 0 — 23.9
a-d given on first page of this table
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Run HDN- IX
Catalyst Ketj enfine 153-1. 51
Conditions Initial Final
P (psig) 2 0 0 0 1940
T (°F) 770 780
Composition Feed Product
Liquid





























0 . 2 0
LECO Analysis (wt 0.45 0 . 1 1
Gas
GC Analysis 












0 . 0 2
TRb
1.55
0 . 2 0
1.30
0.04
0 . 1 1
Microcoulometry 
NH3C (mole 0 .0 2 <
Catalyst 
Weight (g) 34.39 44.06
Sol id
Weight (g) 0 2.42
Analysis 














All calculations in Appendix E are for run HDN-VII. 
Calculations for the other eight batch runs are similar, 
except in runs HDN I-VI the solid and spent catalysts are 
grouped together. They are combined due to the difficulty 
in separating -200 mesh catalyst from the solids. The cal­
culations have been divided into the following sections:
I. Gas Calculations
II. Overall Mass Balance
III. Carbon Mass Balance
IV. Percent Decrease in Benzene Insolubles
V. Percent Increase in Oils
VI. Percentage of Sulfur Removed 
VII. Percentage of Nitrogen Removed
I. Gas Calculations
A. Initial Gas in Reactor
Assume: 1. gas volume is 720 ml
2 . gas is ideal
3. gas is 10% H2S/90% H 2  at final presulfid- 
ing conditions
4. pure hydrogen is added to reach run con­
ditions .
T 1973 146
moles H 2 S in reactor after presulfiding
1 ^os= gas volume x volume % F^S x R x 7̂ —
ps
where: R = gas constant
P = pressure 
T = temperature 
ps = final presulfiding conditions
mo les H 2 S in reactor after presulfiding
1 0  ml HoS _ oy 9  <-»-f-m- 7?n mi eras; v ________ v §» mole~ K  2 atm- /zu mi gas X 10Q ml gas x 82.057 ml-atm x 811.11°K
= 0.00216 g moles H 2 S 
initial g moles gas in reactor
= gas volume x i x — x PTDR Tjr IR
where: IR = initial run conditions
initial g moles gas in reactor
- 7?n ml v g-mole °K 1 Y 1722 psia atmi iv mi x 82_ 0 5 7  ml.atin x 683.33UK x 1  x 14.7psi
= 1.5042 g moles gas
initial g F^S in reactor
= moles in reactor after presulfiding x molecular wt F^S
n rmo-iA t o c 34.082 g H2S= 0.00216 g mole Fi0S x   n— fT--g—& 2  g mole H 2 S
= 0.0736 g H2S
initial g FI2  iu reactor
= (initial, moles gas - moles F^S in reactor)
x molecular weight F^
= (1.5042 g. moles gas - 0.00216 g moles F1?S)
2.016 g H 2x u = 3.0281 g h 9  g mole F1 2  2
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average molecular weight of gas in reactor
(initial g H2S in reactor + initial g H 2  in reactor) 
initial g moles gas in reactor 
(0.0736 g H2S + 3.0281 g H2)
1.5042 g mole gas
= 2.062 g gas/g mole gas
initial g gas in reactor
^  gas volume x x x x AMWj^
IR
where AMW = average molecular weight
initial g gas in reactor
*7 oa 7  ̂mole K 1 . ̂ a. *= 720 ml x o-f— h-̂ 7— i— -z—  x 7 -b-y—ttuv x 1722 psia82.0^7 ml-atm 683.33UK ^
\
x atm x 2.062 g gas 
14.7 psi g mole gas
= 3.10 g gas
B. Final Gas in Reactor
Air free composition, average molecular weight of
air free gas, g C per 100 g air free gas, and g S per
100 g of air free gas were calculated by using GC.F4,
a computer program. This computer program and sample
output are given in Appendix G where the gas calcula-
tions are done for continuous runs. The results
needed for further calculations are given below on
an air free basis:
Average Molecular Weight = 3.954 g gas/g mole gas
g C/100 g gas = 39.420
It is assumed that air entered the gas sample due to
the sampling procedure and air is not significantly
present in the reactor.
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final g gas in reactor
= gas volume x i x x PpR x AMWpR
FR
where: FR = final run conditions
final g gas in reactor
= 720 ml x fx— — r— x ^ d A ? w  x 86.53 atm82.057 ml-atm 683.33°K
5.954 g gas 
g mole gas
= 4.39 g gas
final g C in reactor
= final g gas in reactor x ---®-----
1 0 0  g gas
» 4 3933 g gas x 39.420 g C10Q g gas
= 1.73 g C
II. Overall Mass Balance
A. Overall Mass Put Into the Reactor
Overall weight in
= weight of the fresh catalyst
+ weight of the feed + weight of the initial gas 
- 31.89 g catalyst + 26.5 g feed + 3.10 g gas 
= 299.99 g in
B. Overall Mass Taken Out of the Reactor
Overall weight out
= weight of the solids + weight of spent catalyst 
+ weight of liquid product + weight of final gas 
= 6.35 g solid + 44.41 g catalyst
+ 243.47 g liquid product ■+ 4.39 g final gas 
= 298.62 g out
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C. Weight Percentage of Initial Overall Mass Recovery
Weight percent recovered
_ overall weight out „ n«—   . ■——  .   ;— —  X  lUU'Ooverall weignt m
= | § 8  • 2  g ..out 10M 
299.99 g m
* 99.54%
III. Carbon Mass Balance
A. Weight of Carbon In
Assume: 1. fresh catalyst and initial gas do not
contain any carbon 
weight of carbon in
= weight of feed x WeightJ QC in feed-
265 g feed x xoo g feed
= 238.77 g C in
B. Weight of Carbon Out
Assume: 1. spent catalyst does not contain carbon
weight of carbon out
• I.* ■£ i • j weight % C in solids = weight of solids x  a -----------
• t_4. .ci' • j j . weight % C in liquid prod+ weight of liquid product x ---   jqq--- -— -— ^---
+ final weight of C in gas
r -r r t-j 32.6 g C= 6.o5 g solids x Too“ g soTils
+ 243 . 37 g liquid product x j o ^ ^ i fq a d - p-yodllEt
+ 1.73 g C in final gas
= 206 . 77 g C out
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C. Weight Percentage of Initial Carbon Recovered
weight percent recovered
= weight of C in 10„
weight of C out
= 206. 77_._g_ C out 
238.77 g C m
= 86.60%
IV. Percent. Decrease in Benzene Insolubles
percent benzene insolubles removed
(wt % BI in feed - wt % BI in liquid product) _ 
-------------- wt 3 BI in feed---------------  x 1UU
_ (14.961 - 1.441) „
------ 14.963------  x 100<i
= 90.373
where: BI = benzene insolubles
V. Percent ~ Increase in Oils
percentage increase in oils
(wt % oils in liquid product - wt % oils in feed) 
wt % oils in feed
_ (86.56% - 71.87%)
71787% ' x 100°
« 20.44%
VI. Percentage of Sulfur Removed
percentage of sulfur removed (based on LECO results)
(wt % S in feed - wt % S in liquid product) v 1 M 0  
= wt % S in feed x
, 0.48 g S _ 0.17 g S ________
^ 1 0 0  g feed 1 0 0  g liquid product^ v -inn*
,0.48 g S ^ X iUU“





VII. Percentage of Nitrogen Removed 
percentage of nitrogen removed
(wt % N in feed - wt % N in liquid product) v inno.— — 1------  —  " T 'A vr 5 •" J ....  1,1------• '•"" ------ X  i U U  'owt % N m  feed
, 1.15 g N _ 0,88 g N ,
1 0 0  g feed 1 0 0  g liquid product^ v inn0/
,1.15 g N , X 1UUo










Data from the continuous hydrodenitrogenation experiments 
are presented in the sections listed below:
I. Summary of Operating Conditions
II. Summary of Pump Failures
III. Summary of Catalyst Data
IV. Summary of Solid Sample Data
V. Summary of Gas Sample Data
VI. Summary of Liquid Samples
VII. PERC Results of Liquid Samples
VIII. Proximate and Ultimate Analyses of Liquid Samples 
IX. LECO Results of Liquid Samples 
X. C, H, and N Analyses of Liquid Samples
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1. SUMMARY OF OPERATING CONDITIONS
Continuous Hydrodenitrogenation Experiments
Run No. CDN II CDN III CDN IV
Run Length (hr) 1.5 3.2 5 7.5
Avg. Temperature (°F) 770 770 770
Max. Temperature (°F) 830 818 840
Pressure (psig) 2000 2000 2000
Avg. Feed Flow Rate
(ml/hr) 499 466 522
Gas Treatment Rate
(£/hr @ S.C.) 180 181 200
Liquid Resonance
Time (hr) 0.50 0.54 0.48
Catalyst Bulk Volume
(ml) 75 75 75
CDN V 









II. SUMMARY OF PUMP FAILURES
Continuous Hydrodenitrogenation Experiments 








CDN Ill 13:50 ended run LS-6 b § HPSRC
CDN IV 1 1 : 1 2 11:15 before LS-1
14:10 14:12 LS-4 $ LS-5
CDN V 13:27 13:34 LS - 8  § LS-9
13:48 13:53 LS - 8  § LS-9
a - run time when pump was first observed to have stopped 
working
b - LS = liquid sample
c - HPSR = high pressure separator residue
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III. SUMMARY OF CATALYST DATA
Continuous Hydrodenitrogenation Experiments
Catalyst: American Cyanamid HDS-9A
NiMo/Al 1/16 in. extrudate
Run No.a CDN II CDN III CDN IV
Fresh Catalyst Weight 
After Drying (g) 57.43 57.29 58.90
Washed Spent Catalyst 
Weight After Drying (g) 82.72 62.51 71.44
Catalyst Left After 
Regeneration (wt %)
Basis:
a. fresh catalyst 101.18 90.08 101.35
b. spent catalyst 81.91 82.56 83.56
a - no catalyst was used in CDN V
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CDN II Reactor 1.19 60.42 4.75
CDN II Ia HPSb 0.13 _ _c - _ c
CDN IV Reactor 1.31 _ _ c __ c
HPS 0.60 _ _ c _ _c
CDN V Reactor 5. 56 _ _c _  _  c
HPS 0.06 _ _c _ _ c
a - reactor sample was not kept 
b - HPS = high pressure separator 
c - unable to obtain C/H analysis
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V. SUMMARY OF GAS SAMPLE DATA
Continuous Hydrodenitrogenation Experiments
Run No. CDN II CDN III
Sample GS-2 GS-1 GS-2 GS-3 GS-4 GS-5 GS - 6
Sampling Time 11:36 1 1 : 0 0 11:30 1 2 : 0 1 12:30 13:01 13:45
GC Analysis
H 2 (mole %) 91.698 98.110 88.554 95.959 95.838 94.353 96.410
CH 4 4.482 0.484 5.172 1.580 2.169 3.491 1.821
CO 1.128 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.023 0.033
c 2 h 4 0.018 0 . 0 0 0 0.265 0.007 0 . 0 0 0 0.018 0.026
^ 2 ^ 6 1.891 0.371 2.366 0.622 0.924 1.302 0.824
h 2s 0.549 0.350 0.765 1.277 0.481 0.160 0.264
c 3 h 8i-C4
0.899 0.330 2.294 0.458 0.474 0. 521 0.463
0.098 0.094 0.166 0 . 0 2 2 0.028 0.030 0.045
n- C4 0.237 0.261 0.418 0.076 0.085 0.104 0.116
Avg. Molecular
Weight 3.955 2.638 5.012 3.071 2.997 3.226 2.887
g C/100 g AFGa 37.737 16.516 39.851 18.133 23.603 30.626 23.207
g S/100 g AFGa 4.439 4.258 5.475 12.737 5.145 1.609 2.927
Avg. Gas Flow 
Rate (Jl/hr
@ S.C.) 207 127 139 119 109 1 2 1 128
CDN II GS-1 could not be analyzed due to low sample pressure, 
a - AFG = air free gas
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V. SUMMARY OF GAS SAMPLE DATA (Cont.)
Run No. CDN IV
Sample GS-1 GS-2 GS-3 GS-4 GS-5 GS - 6 GS-7
Sampling Time 10:27 1 1 : 0 0 11:27 11:58 12:33 13:03 13:30
GC Analysis
H 2  (mole %)
ch4
CO 2
C 2 H 4
C 2 H 6
h 2s
C 3 H 8i-C4
n-C4
99.998
















0 . 0 0 0
99.779













































Weight 2.016 2.036 2,062 2.332 2.508 2.421 2.576
g C/100 g AFG 0.013 0.847 1.836 11.599 15.059 1 2 . 2 2 1 15.439
g S/100 g AFG 0.000 0  . 0 0 0 0.000 0  . 0 0 0 1.642 2.236 3.572
Avg. Gas Flow 
Rate (Z/hr 
@ S.C.) 87 143 140 97 104 118 107
T 1973 160
V. SUMMARY OF GAS SAMPLE DATA (Cont.1
Run No. CDN IV
Sample GS - 8 GS-9 GS-10 GS-11
Sampling Time 13:58 14:35 16:31 17: 50
GC Analysis
H 2  (mole %) 
CH4  
CO 2  
c 2 h 4
c 2 h 6
h 2 s










0 . 0 0 0








0 . 0 0 0




0 . 0 1 1
0.525
0.145
0 . 1 2 1
0 . 0 0 0




0 . 0 1 1
0 . 6 6 8
0.449
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
Avg. Molecular 
Weight 2.673 2.602 2.445 2.520
g C/100 g AFG 16.890 14.553 13.322 12.113
g S/100 g AFG 4.668 5.304 1.899 5.707
Avg. Gas Flow 
Rate (Jl/hr 
@ S.C.) 96 97 1 0 0 95
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V. SUMMARY OF GAS SAMPLE DATA (Cont.)
Run No.
Sample GS-2 GS-3
Sampling Time 11:09 11:58
GC Analysis
H 2  (mole %)
ch4
C02
c 2 h 4
c 2 h 6H 2 S







0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
98.879
0 . 6 6 8
0.032
0 . 0 2 1
0.263
0 . 0 0 0
0.137
0 . 0 0 0
0 . 0 0 0
Avg. Molecular 
Weight 2.135 2.260
g C/100 g AFG 4.598 8.851
g S/100 g AFG 0 . 0 0 0 0 . 0 0 0
Avg. Gas Flow 
Rate (£/hr 
§ S.C.) 147 131
CDN V
GS--4 GS-5 GS-• 6 GS- 7
13:: 05 14:15 15:: 09 16: 03
99.086 98.873 99.007 99.070
0.594 0.773 0.647 0.607
0 , 0 2 0 0 . 0 2 2 0.018 0.018
0.015 0 . 0 2 0 0.016 0.016
0.203 0.191 0.192 0.191
0.066 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
0.016 0 . 1 2 2 0.059 0.043
0 . 0 0 0 0 . 0 0 0 0.033 0 . 0 0 0
0 . 0 0 0 0 . 0 0 0 0.028 0.054
2.197 2.244 2.231 2.215
5.691 8.464 8.048 7.511
0.952 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0











SUMMARY OF LIQUID SAMPLES 
Continuous Hydrodenitrogenation Experiments
Weight Volume 
No. Sample Sampling Time (g) (ml)




CDN II started at 10:40 
CDN II ended at 12:07






LS - 6  14:00 153.06
HPSR 14:00+ 97.00
RR 14:00+ 215.39
CDN III started at 10:34 
CDN III ended at 14:00
IV F-l 10:25- 1115 1052
F-2 10:25- 1729 1647
F-3 10:25- 1306 1221
LS-1 12:11 241.06 236
LS-2 12:37 265.19 262
LS-3 13:10 252.50 232
LS-4 13:32 256.28 250
LS-5 14:14 258.32 250
LS - 6  14:35 248.64 244
LS-7 15:08 248.99 240
LS - 8  15:30 249.03 240
LS-9 15:50 244.36 236
LS-10 16:31 240.13 232
LS-11 16:56 239.14 233
LS-12 17:20 238.11 230
LS-13 17:35 180.15 174
LS-14 17:58 180.30 174
HPSR 17:58+ 190.00 174
RR 17:58+ 238.79 254
CDN IV started at 10:25 
CDN IV ended at 17:58
F=feed
LS=liquid sample




































F-l 9:36- 1641 1549 1.06
F-2 9:36- 1790 1705 1.05
F-3 9:36- 332 310 1.07
LS-1 11:01 256.55 233 1.10
LS- 2 11:07 92.52 82 1.13
LS- 3 11:40 196.38 170 1.16
LS- 4 11:58 206.18 186 1.11
LS- 5 12:08 200.73 170 1:18
LS- 6 12:30 301.56 275 1.10
LS- 7 12:47 276.89 255 1.09
LS-8 13:07 195.73 174 1.12
LS-9 13:40 191.68e - 1.10
LS-10 14:12 187.99 171 1.10
LS-11 14:28 191.35 172 1.11
LS -12 14:45 194.38 174 1.12
LS-13 15:09 153.52 138 1.11
LS -14 15:33 208.51 190 1.10
LS-15 15:53 180.85 155 1.17
LS-16 16:06 262.21 240 1.09
LS-17 16:13 103.80 95 1.09
HPSR 16:13+ 167.89 - -
RR 16:13+ 210.03 191 1.10
CDN V started at 9:36
CDN V ended at 16:13
e - average weight of LS-8 and LS-10 
part of LS-9 was spilled
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V H .  PERC RESULTS OF LIQUID SAMPLES
Continuous Hydrodenitrogenation Experiments
Ash and
Run No. Sample Preasphaltenes Asphaltenes Oils 




Fa-1 12.22 13.65 74.13
LSb-l 8.09 9.49 82.42
HPSRC 7.38 9.37 83.25
RRd 15.15 12.90 71.95
F-l 15.93 15.34 68.74
LS-1 7.35 7.65 85.00
LS- 2 7.62 7.29 85.10
LS- 3 5.55 5.91 8 8.54
LS-4 4.75 9.30 85.95
LS- 5 2.53 8.45 89.02
LS- 6 1.72 8.33 89.96
HPSR 3.17 7.42 89.41
RR 3.81 5.94 90.25
F-l 13.27 14.25 72.50
F-2 15.88 12.81 71.31
F-3 15.25 12.79 71.96
F-avg 14.80 13.28 71.92
LS-1 4. 71 7.38 87.91
LS- 2 6.06 8.50 85.45
LS- 3 6.07 7.57 86.37
LS-4 5.90 9.36 84.74
LS- 5 6.71 10.70 82.59
LS- 6 4.9 5 10.47 84.58
LS- 7 7.44 11.41 81.15
LS- 8 7.80 11.12 81.08
LS- 9 7.26 10.26 82.48
LS-10 6.95 8.84 84.21
LS-11 7.4 2 11.86 80.72
LS-12 8.21 11.04 80.75
LS-13 8.95 11.24 79.81
LS-14 8.96 10.60 80.44
HPSR 7.42 10.53 82.05
RR 5.34 9.35 85.31
a F = feed 
b LS = liquid sample
c HPSR = high pressure separator residue 
d RR = reactor residue
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VH .  PERC RESULTS OF LIQUID SAMPLES (Cont.)
Ash and
Run No. Sample Preasphaltenes Asphaltenes Oils 
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IX* LEC0 RESULTS OF LIQUID SAMPLES
Continuous Hydrodenitrogenation Experiments
Total Sulfur (wt %)
As
Run No. Sample Received Stripped
CDN III Fa-1 0.53 0.44
LSb-l 0.30 0.26
LS-2 0.26 0.22
LS- 3 0.27 0.17
LS-4 0.23 0.21
LS- 5 0.23 0.26
LS- 6 0.18 0.17
HPSRC 0.69 0.64
RRd 0.18 0.04




CDN IV LS-1 0.26 0.21
LS-2 0.30 0.18
LS- 3 0.28 0.25
LS-4 0.26 0.20
LS- 5 0.28 0.20
LS-6 0.26 0.18
LS- 7 0.30 0.33
LS- 8 0.26 0.19
LS- 9 0.28 0.20
LS-10 0.26 0.19










CDN II was not analyzed using the LECO induction furnace
a F = feed
b LS = liquid s amp1e
c HPSR = high pressure separator residue
d RR = reactor residue
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IX. LECO RESULTS OF LIQUID SAMPLES (Cont.)
Total Sulfur (wt %)
As
Run No. Sample Received Stripped


























Sample3- (wt %) (wt %) (wt %)
Fb-1 1.03 86.2 7.09
F-2 0.98 69.8 6.60
F-3 1.03 72.9 6.42
F-avg 1.01 76.3 6.70
LSC-1 1.01 85.1 7.63
LS-2 1.00 82.1 7.20
LS- 3 0.94 82.2 7.52
LS-4 0.93 75.0 6.67
LS- 5 0.84 71.2 6.67
LS- 6 0.79 74.7 7.04
LS--7 0.78 68.7 6.75
LS- 8 0.82 60.9 5.94
LS- 9 0.80 60.5 5.96
LS-10 0.92 71.2 6.68
LS-11 0.74 71.4 6.31
LS-12 0.82 75.5 6.88
LS-13 0.88 71.2 6.26
LS-14 0.93 73.8 6.45
HRSRd 0.66 60.0 6.71
F-l 1.06 75.4 7.16
F-2 1.07 76.9 6.66
F-3 1.10 82.8 7.04
F-avg 1.08 78.4 6.95
LS-1 1.04 8 3.9 7.23
LS-2 1.09 80.6 7.31
LS- 3 1.04 80.3 6.18
LS-4 1.07 79.2 7.28
LS- 5 1.04 84. 7 6.58
LS- 7 1.01 76.7 7.13
LS- 8 1.06 75.8 6.93
LS-10 1.04 82.7 -6.52
LS-12 1.04 76.8 6.75
LS-15 1.11 77.8 6.65
LS-17 1.03 86.2 7.09
HPSR 0.90 73.1 6.81
CDN II and CDN III were not analyzed by the Carlo-Erba Analyzer
a Samples not listed were not analyzed
b F = feed 
c LS = liquid sample








All calculations in Appendix G are for run CDN IV. Cal­
culations for the other continuous runs are similar. This 
appendix has been divided into the following sections:
I. Gas Calculations 
II. Liquid Sample Calculations 
III. Solid Calculations 
IV. Catalyst Calculations 
V. Overall Mass Balance 
VI. Carbon Mass Balance
I. Gas Calculations
The data used in all individual gas samples calculations 
are for G.S. #5 of run CDN IV. Gas calculations that are made 
for a complete run use the data for all gas samples in run 
CDN IV.
Assume: 1. gas is ideal
A. Relative Amounts of Compounds and Elements in Gas 
The relative amounts of light hydrocarbons and hydrogen 
sulfide in the product gas were calculated using G.C. F4, a 
computer program. This program along with sample input and 
output for G.S. #5 of run CDN IV are given on the following 
pages:
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c it * it
c- ft it it
» ft it
C • ft * it
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GC #FZf COMPUTER PROGRAM
THI S PROGRAM CaLUIA' T£S GAS CMROMaTOCRAPH r e s u l t s  f r o m  
THE PEAK HEIGHT,  PEAK WIDTH (PEAK WIQTh IS WIDTH Of Pi
a t  t he  h a l f  of p e a k  h e i g h t ) ,  and a t t e n u a t i o n ,
d a t a  Sh o u l d  of  r e a d  i n  o r d e r  of p a r t i c u l a r  c o m p o n e n t s
AS LI STED BELOw ;
COMPONENT ( 1 )  h y d r o g e n
c o m p o n e n t  ( 2 )  a i r
COMPONENT ( 3 )  METHANE CM4
OPPONENT ( 4 )  CARBON DI OXI DE 002
0 n P UNENT ( 5 )  ETHYLENE C2H4
COHPONENT ( 6 )  ETHANE C2H6
COMPONENT ( 7 )  HYDROGEN SULFIDE H2S
COMPONENT ( 8 )  PROPANE C3H8
COMPONENT ( 0 ) I-BUTANE I -C4
( 1 0 )  n -BUTANE iv- C4
n o t a t i o n s  or Va r i a b l e s  i n  the . progr am
a : ATTENUATION 
PH; PEa K HEIGHT 
PW; PEa K WIDTH
n  gc f a c t o r
w : m o l e c u l a r  w f i g h t
p m ; mo l e  % -  a i r  f r e e
PMh ; MCLE % ~ A IP K H2 FREE
NT!  WEIGHT OF EACH COMPONENT
PWT; WT, % -  AIR FREE
PWTH; w t . % -  AIR 8 H2 FREE
AMw I A VG , MOLECULAR wT , a IR FREE
AMWHj AVG. MOLECULAR WT. a i r  5 H2 f r e e
A pm : AVG. mol e  % -  AI R FREE
AP’wTl  AVG. WT, % -  AIR f r e e
a PmM: AVG. MOLE %  ̂ AI R £ HP  FREE
APwt m;  AVG. WT. % ;  AIR & HZ FREE
0 I MENS I On A ( 1 0 , 2 ) *  PH < 1 0 , 2 ) # p W< 10 , 2 ) * F ( 10  ) , W < 10 ) ,'W f ( i 0  , 2 > 
, P W T N ( 1 0 , 2 )  , SW( 2 )  , S ‘WH<2) , S ( 2 )  , P ( 1 0 , 2 )  , S A ( 2 )  , P M ( l 0 , 2 )  ,PMH(12 , 2 )  # 
P W T ( 10  , 2 ) , A M W( ? ) ,  A M w M ( ? ) , C T (2 ) » A P M( 1 0 ) , A PW T ( 1 0 ) , APMH(10> , 
WT H ( 1 0 , 2 )  , APWTh ( 1 0 )  , 5 A M ( 2 ) ■» S U L ( 2 ) ,CAR<2)
DOUBLE PRECISION RUN 
WRITE ( 4 , 1 1 )
f o r m a t  ( i x ,  ’ t yp e  i n  the  run  n o , 1 )
READ( 4 , 1 2 ) RUN *
F Q R M A T ( a p.)
00 40 J =1* 2  
N R I T E ( 4 , 5 0  5 U
T 1973
50 F0RMAt ( 1 X , ’ DATa FOR S'AMPLl # ’ I / >
DO 30 w = l , l 2  
P R I T £ C 4 , 10 ) N
10 FORMAT( i x T Y P E  IN d a t a  FOR COMPONENT:»13, * : ATTEuUaTI ON * PE AK HEI
I G H T . P E a K w i d t h * )




F ( i > = l 6 , 3 1 2 4  
F ( 0 = 0 . 9 5 1 0  
F ( 3 > = 1 , 1 6 2 8  
F ( * > = 3 , 7 7 4 3  
F ( 6 ) = 3 . 9 1 5 5  
F ( 6 ) = 0 , 8 2 1 3
F ( 7 ) = 0 . 8 2 0 1  
F ( 8 ) = 0 , 5 9 6 3  
F ( 9 ) = 0 . 4 9 6 2  
F (1 2 > = ..'« 4 2 7 3 
• ' ( I  > = 2 . 3 1 6
w ( 2 > = 0 . 0 2 0
W(3 > = 1 6 . 0 4 1  
W ( 4 ) s 4 4 , 01
N ( 5 ) = 2 8 . 0 5 2  
W ( 6 ) = 3 3 , 0 7  
# ( 7 > a 3 4 , 0 8 2 
w( a ) =44  . 09 
W ( 9 > = 5 8 , 12 
w < 13 > = 5 8 . 12  
C , * * «  MOUE % CALCULATIONS 
DO 77 J = 1» 2 
S C J ) = 0 , 0  
00 60 N = l , 1 0
P ( N , J > = A ( N , J ) - PH ( N , J > * P W ( N , J > *F ( N >
S ( J ) a S ( J ) + P ( N # J >
63 CONTINUE
70 CONTINUE
c '•'»«# mol e  % c a l c u l a t i o n s : a i R f r e e  b a s i s
Q j 50 J = 1» 2 
S A C J ) = S ( J ) - P ( 2 , J >
83 CONTINUE
DO 100 J = 1» 2 
DO 93 N = 1 , 13 
I F ( N ~ E Q t 2) G0  T0 90 
P M ( N , J ) a < P ( N , J ) 7  S A ( J > ) * 1 (3 0 . O 
93 CONTINUE

















MOLE % CALCULATIONS;  A I *  <$ w2 FREE 
DO 130 J s 1 , 2 .
S A h ( J ) = S ( J ) -  P ( i , J ) -  r  ( 2 * U )
CONTINUE 
no 110 j  = i »2
00 120 N = l,.10
I F ( N f L O , l . O R . N . E 0 . 2 ) G Q  TO 120 
P M U ( M , J ) = ( P ( M , j  ) /  S A M < J ) ) * 10 0 , 0
CONTINUE 
COOTI NUE
WT, % CALCULATIONS:  AIR FREE 
LO 140 J = 1 12 
SW( J ) =0 , 0 
QO 150 0 = 1 , 1 0  
W T < N , J ) = P M ( N . J ) * 0 , 0 1 * W C N )
5 W { J ) = S W ( J ) + W T ( N , J )
CONTINUE 
00 160 1 = 1 , 1 0
PWT < u , j ) - ( WT( L , J >/SN < J ) ) * 1 0 0  . 0
CONTINUE
CONTINUE
WT. % CALCULATIONS:  AI R 6 H2 FREE 
DO 170 J = 1 »2 
5WH < J ) = 7!, 0 
DO 180 N = 1 , 1 0
WTh < N , J ) = P M H < N , J ) * W ( N ) » 0 , 0 1
S W n { j  ) = S w H ( J ) +1*! T W ( N , J )
CONTINUE
00 190 N = 1 , 1 0
PWTH( N, J )  = ( W T H ( N , J ) / S W M ( j n *  1 0 0 . 0  
CONTINUE 
C 0 N T I N U E
AVC * MOLECULAR WT.? AIR FREE 
00 200 J = 1 , 2  
AMw<J ) = 0 , 0  
00 210 N = 1 , 1 0
AMW<J ) = AMW( J ) + < PM( N, U) #0 . 01 »W( N>  )
CONTINUE 
COLT INUE 
DO 220 J = 1 * 2 
A M W H ( J ) s g . 0 
DO 230 N = l , 1 0




GMS, Or CARBON PER 100 GMS. OF AI R FREE GAS
DO 240 J = 1 ,  2
C3=Pm ( 3 , j ) # 1 2 .
C4=Pm ( 4 , j ) # 1 2 .
C 5 = P M( ^ , j ) * 2 4 ,
C 6 = P M ( 6 # J ) * 2 4 ,
Q g 3 P m ( a t j  ) *  3 6 #
C9 = PM( 9 , J > * 4 8 .
C 1 3 = P M < 1 0 , J ) ^ 4 8 .
CT( J ) = C3+ C4 * C5+ C6 +C8+ C9 +C10  
C * » * *  .GME,  OF SULFUR PER 100 GMS OF AI R TREE Ga S 
S ”  L ( j  ) = P M ( 7 » J ) * 3 2 . O 6 /  A M W ( J )
C A R ( J ) = 0 7 ( J ) / A M W ( J )
2 4 0 CONTINUE
DO 260 J = l , 2  
WRI TE( 4 , 2 9 1 )
WRITE* 4 , 2 5 D R U n 
251 FORMAT( I X,  ’ G C r e s u l t s  for  RUN # ’ A S / / )
R R I T f ( 4 , 2 5 0 ) J ‘
250 F 0 RMAT( I X ,  ' GC RESULTS OF SAMPLE:  ’ 1 3 / )
W R I T E U ,  270 )
270 FORMAT( 14X,  ’ COMPONENT %MOLE %wt
.1 % M 0 L E % W T * ?
W R I T £ { 4 , 2 71)
2 71 F'0 RM a T ( 25X , ’ AI R FREE
1 * * *  a IR x. H2 FREE * * * * ’ / / )
DO 29C N = 1 , 1 3
W R I T £ U  , 2 8 0 ) N , p M( H , J ),PWT( N , J ) , P M H ( N , J ) , P WT H ( N , J )
2 30 FORMAT( I X , 4 X » I , 8 X , F 7 , 3 « 8 X , F 7 * 3 * 8 X , r 7 . 3 , 8 X # F 7 l 3)
290 CONTINUE
2 91 F 0 R M A T ( I X  # ' *  *  *«•«-*»* # a « a a a a a * # a. a a a a a a a * *  a $ *  *  » -a » a ««««»»
1 ̂  - a a a a a a a a a a a a a * a a a a a a «■ a a » a a a a a a * * / / )
R R ! T F ( 4 , 3 0 Z ) A M W ( J ) , A m W H ( J ) ,  C A R * J ) , S U L ( J )
300 F0RMa T ( 1 x , ’ AVG. MQl w T , ( A I R FREE)= ' , F 1 0 , 3 /
1 1 X , * a VG, MOL Wt . ( A I R & N2 F R E E ) = ’ F i 0 , 3 /
2 I X . ' G M S ,  OF CARBON PER 100 QMS Of AI R FREE GAS = ’ F l 0 , 3 /
3 1 X , ’ G M. S , OF SULFUR PER 1 / 0  GMS. OF AI R FREE GAS = ’ F 1 0 , 3 / / >
260 C 0 N TINUE
C * * *  AVERAGE r e s u l t s  OF TWO RUNS
00 310 N = l , 13
A P M ( N ) " ( R M ( N , 1 ) ■*• P M ( N , 2 ) ) /  2 •
A P w T ( N j s ( P W T ( N , 1 > ♦ P W T ( N*, 2 ) ) /  2 •
A P M M ( N ) s ( P M H ( N . l ) +  PMH( A , £ ) ) / 2 .
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APWTH( f t >=( PWTH( N# l ) +PWTH<N#2 ) ) / 2 ,  
312 CONTINUE
A A -M'W = ( A M W ( 1 ) + A M W t 2 ) ) /  2 .
A A 0 UU = ( A M U H ( 1)  + A M W M ( 2 > ) /  2 ,
A C A R = ' C A R ( 1 ) > C A R (2 ) ) /  2 #
A S b L s ( S U L ( l ) + S U L < 2 > > / 2 ,  
W R I T E U , 2 9 l )
! T E ( 4 , 3 2 0 )
320 F0PMa t <1X» ’ AVERa GED GC RESULTS FQF
wRI T F i  4 . 2 5 D R U N  
w R I T E ( 4 , ? 7 0 )
^ R I T E t 4 , 2 7 1 )
DO 337 U = l , 1 0
^ R l T E U , 2 8 0  )Ni ,APM(N> , a RNT(N)  , APMH( 
3 30 CONTINUE
UiR I f f  ( 4 i 303 5 AAmU t AAMWi-i, A C A R » A S U I,.
W R i I E (4 « 291 )
STOP
FNin
s a m p l e s  i  <s 2 • /  >
N ) , A P W T N ( N )
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SAMPLE INPUT TO GC.FZ*
, , E X G C , F 4 
C I O 5 1 8 * 3 6 3
I  I MK ? LOADING
c ln kxg t  gc Execut ions 
type in the  pun no,
C D N 4 -  5
Q A T A P 0 P 3 A M P L E # 1
TYPE i n  d a t a pgr COMPONENT: 1 ATTENUATI qN#PEAK he i g h t , p e a k W 1U T H
6 4 , 5 , 1 , 0 . ?
TYPE tn d a t a for COMPq n ENt : 2 ATTENUATI ON, p e a k H E I G H T , P E A K WIDTH
1 6 , 8 . 5 , 0 . 3
t y p e  I n d a t a for COMPONENT: 3 a t t e n u a t i o n ,PEAK HE I GHT, PEAK w I [) T H
4 , - . 9 . 0 . 3  
T Y P r  'N D A T A for COMPONENT: 4 ATTENUATI ON, p e a k HE I GHT, PEAK U| I j ) T H
1 » 3 .  6 5 » 0 . 5 5 
t y p e  i n  o a t a FOR COMPONENT: 5 ATTENUATION. PEAK HE I GHT , P F ak WIDTH
x > '■■ * !  "p , 1 «2 
TYPE IN DATA FOR COMPONENT: 6 ATt l NUATI ON, PEAK h e I G H T , p e a k WIDTH
1,  v ♦ 3 > 1 ,  2 
t y ^ e i n  d a t a FOR COMPONENT: 7 ATTENUATION. PEAK HEI GHT, PEAK WIDTH
1 , 1 , 9 5 , 1 . 5  
TYPE I n DATA FnR COMPONENT: 8 ATTENUATION, PEAK HEIGHT,PEAK W I 0 T M
. 1 , 1 , 1 5 , 1 . 5
t y p e  i n  d a t a FOR COMPONENT: 9 ATTENUATION, PEAK HE I GHT, PEAK W I 0 T H
•j  ̂  ̂ ('N
t y p e  ’ I n d a t a
1 , 0 , 3
DATA p 09 SAM
t y p e  i n  d a t a






ATTENUATION, PEAK H E I G H T , F l a K WIDTH
3 2 , 9 , 5 5 * 0 . 2  
TYPE I n d a t a I 0 R COMPONENT: 25 ATTENUATJON,PEAK HEIGHT,PEAK iW IDT H
1 6 , 7 , 5 , 0 . 3  
t y p e  i n  d a t a for COMPONENT: 31 ATTENUATION. PEAK HE I GHT, PEAK WIDTH
4 . 9 , 8 , 0 , 2 5
t y p p  i n  d a t a
1 , 3 .  7,  3 . 6
TYPr  IN d a t a
for COMPONENT : 4 : ATTENUATION, PEAK HE I GHT, PEAK WIDTH
for COMPONENT; 5 : ATTENUATI  ON,PEAK h e i g h t  > pea k WIDTH
1 , 0 , 1 5 , 1 . 1
TYPE I n d a t a FOR c o m p o n e n t : 6: ATTENUAT! ON, PEAK H E I G H T , P E A K W I D T H
1,  9 . 3 . 1 ,  2 
TYPE I n d a t a
\ r',"%
FOR COMPONENT : 7 : A T T E N U A T I 0 N ,  P E A K HEIGHT,PEAK w i d t h
J* *  YJ I  Y.-
TYPE IN d a t a
1 A
F OR COMPONENT: 3 : A TTENUAT I ON, PEAK HE I GH r , PEAK w I D T h
X 7 -> 9 -.0
TYPE i n  d a t a FOR COMPONENt : 9: ATTENUATI  ON, PEAK HEIGHT,FEAK WIDTH
1 t T f
TYPE I n d a t a FOR c o m p o n e n t  ; 10 • ATTENUATI  ON,PEAK H EI GHT,  P [{A k W I 0 T H
i > J? i k.;
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B. Weight of Gas and Carbon
1. Gas Flow Rate Out
Due to the drop in reaction pressure caused by 
the liquid control valve opening when liquid samples 
are withdrawn; the product gas flow rate is not con­
stant. The gas flow rate used in calculations is an 
average of the maximum gas flow rate shortly before 
the gas sample was taken (FR1), the maximum gas flow 
rate shortly after the gas sample was taken (FR2), 
and the gas leak rate when the gas control valve was 
closed (FRL).
Raw Gas Flow Rate
rFRI+FRL, , rFR2+FRL,
1 2 J  ̂ 2 J 
2
r228 £/hr+30 &/hr^ L r265 £/hr + 30 i/hr̂
 ̂ 2 J  ̂ 2 J
2
= 138 £/hr 
Gas Flow Rate @ S.C.
= Raw Gas Flow Rate x Wet Test Meter Correction 
= 138 i/hr x 0.7538 
= 104 i/hr @ S.C.
2. Total Weight of Gas 
Total Weight of Gas In
Assume: 1. Gas In is pure hydrogen
Total Weight of Gas In 
= Raw Gas Flow Rate x Wet Test Meter Correction
x Gas Density @ S.C. x Molecular Weight x Run Length
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= 265 2/hr x 0 .7538 x - •-°4464^
v 2.016 g 453 hr 
g mole 60
= 135.73 g Gas In
b. Weight of Gas Out: Individual Gas Sample
= Gas Flow Rate @ S.C. x Gas Density S.C.
x Average Molecular Weight 
x Time Represented by Gas Sample
= 104 2,/hr x °-•04464 ,g. mole x L-508J? 35hrZ g m o le  ou
= 6.794 g gas
c. Total Weight of Gas Out
n
Z (Weight of Gas Out : Individual Gas Sample^) 
i = l
where n = total number of gas samples taken during 
run
Total Weight of Gas Out
= 0.260 g + 7.159 g + 5.714 g + 5.230 g + 6.794 g
+ 6.354 g + 5.539 g + 5.331 g + 6.965 g + 21.155 g
+ 15.492 g
= 85.99 g Gas Out
3. Weight of Carbon
a. Total Weight of Carbon In
Zero grams of carbon enters as gas since gas feed 
to reactor is assumed to be pure hydrogen.
b. Weight of Carbon Out:Individual Gas Sample 
= Weight of Gas Out x Cjo'0_ g_ AFG')
= 6.794 g Gas x 15-059 « c*100 g AFG
= 1.023 g C 
*from computer program
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c. Total Weight of Carbon Out 
n
Z (Weight of Carbon Out:Individual Sample^) 
i = l
where n = total number of gas samples taken 
during run 
Total Weight of Carbon Out 
= 0.000034 g'C + 0.0606 gC + 0.1049 g C
+ 0.1160 g C + 1.0231 g C + 0.7766 g C
+ 0.8552 g C + 0.9004 g C + 1.0136 g C
+ 2.8183 g C + 1.8766 g C
= 5.709 g C
II. Liquid Sample Calculations
A. Weight of Liquid Samples
1. Weight of Liquid Feed 
F RZ [ Z (Initial Buret Reading.-Final Buret Reading.)* 
j=l i=l 1 1
x Feed Density^] 
where: F = total number of feed samples used during
run
R = total number of readings for a particular 
feed sample
*Note: Final buret reading of last feed should be 22 ml greater 
than actual reading due to 22 ml of feed left in the 
lines between the system valve (Vll) and the reactor.
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Weight of Liquid Feed
= [((80-21)+(100-21)+(660-15)+(685-4 25)ml)
x 1.06 g/ml] + [((100-l) + (72-24) + (100-47) + (425-0)
+ 675-0)+(480-280)ml) x 1.05 g/ml]
+ [((100-47) + (775-0) + (650-(225 + 22)) ml) x 1.07 g/ml] 
= 4150 g in Feed
2. Weight of Liquid Product
S
= 2 (Weight of Individual Liquid Product Sample-)
i = l
+ Weight of High Pressure Separator Residue
+ Weight of Reactor Residue
where: S = total number of liquid product samples
= (241.06g + 265.19g + 252 . 50g + 256.28g + 258 . 32g 
+ 248.64g + 248.99g + 249.03g + 244.36g + 240.13g
+ 239.14g + 238.llg + 180.15g + 180.30g) + 190.OOg
+ 238. 79g 
= 3770.99 g Liquid Product
B. Weight of Carbon in Liquid Samples
1. Weight of Carbon in Liquid Feed
F
= Z [(Feed Weight), x (Weight % C).] x 100% 
i = l 1 1
= (Ills g reed 1 x  — -) + (1729 g feed 2v & 100 g feed 1J
x ^4.1 g C fi306 q feed 3 x 84.1 g C100 g feed 2J U-SUb g teed 3 x 1Q0 g fged 3_)
= 3444.44 g C in Feed
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2. Weight of Carbon in Liquid Product 
S
= E [(Liquid Product Sample Weight), x (Weight % C).)]
i=l 1 1
+ [(High Pressure Separator Residue Weight)
x (Weight % C in the High Pressure Separator)]
+ [(Reactor Residue Weight)
x (Weight % C in the Reactor Residue)]
= [(241.06 g LS*1) (ĵ qq ' g ^  + (265. 19 g LS# 2) (J g  -g J 2)
+ (252.5)(0.845) + (256.28)(0.846)+(258.32)(0.846)
+ (248.64) (0.830)+ (248.99)(0.840)+ (249.03)(0.837)
+ (244.36)(0.855)+(240.13)(0.874)+(239.14)(0.881)
+ (238.11)(0.839)+(180.15)(0.821)+(180.30)(0.818)]
+ (190.00 g HPSR)(1^ - -| .| F|R-) + (238. 79 g R R H ^ ^  Ir C)
= 3165.48 g C in Liquid Product
III. Solid Calculations
A. V/eight of Solids
= (Weight of Solid from High Pressure Separator
Washings) + (Weight; of Solid from Reactor Washings)
= 0.60 g Solids in HPS Washings + 1.31 g Solids in 
Reactor Washings 
= 1.91 g Solids
B. Weight of Carbon in Solids
Due to the relative small weight of the solids and 
the difficulty in obtaining C/H analyses, the weight 
of carbon in the solids is not included in the carbon 
balance. The equation below could be used to calculate
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the weight of carbon if the necessary data were avail­
able .
Weight of C in Solids
= (Weight of Solids from HPS Washing)(Weight % C 
in the HPS Solids)
+ (Weight of Solids from Reactor Washings)(Weight %
C in the Reactor Solids)
IV. Catalyst Calculations
A. Catalyst Weights for Mass Balances
1. Weights of Catalyst
The initial weight of fresh catalyst is measured 
after the fresh catalyst has been dried in the 
furnace for one hour at 47 5°C. The weight of dried 
spent catalyst is measured after the spent catalyst 
has been washed in benzene and acetone, and dried 
in the oven at 100°C. The weight of regenerated 
spent catalyst is measured after the catalyst has 
been regenerated in furnace for one hour at 47 5°C.
2. Weight of Carbon in Catalyst
The weight of carbon in the catalyst is assumed 
to be negligible and is not included in the carbon 
mass balance.
B. Catalyst Left After Regeneration
1. Basis: Dried Fresh Catalyst
Weight Percent Fresh Catalyst Left After Regeneration
= Weight of Regenerated Spent Catalyst -inn?- 
Weight of Dried Fresh Catalyst x 0
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59.70 g Regenerated Spent Catalyst inn^
58.90 g Fresh Catalyst
= 101.36%
2. Basis: Dried Spent Catalyst
Weight Percent Dried Spent Catalyst Left After
Regeneration
Weight of Regenerated Spent Catalyst i n n 2-
Weight of Dried Spent Catalyst
59.70 g Regenerated Spent Catalyst inn?-
71.44 g Dried Spent Catalyst 0
= 83.57%
V . Overall Mass Balance
A. Overall Weight In
= Total Weight of Gas In + Weight of Liquid* Feed 
+ Weight of Dried Fresh Catalyst 
= 135.73 g Gas In + 4150 g Feed + 58.90 g Catalyst 
= 4345 g In
B. Overall Weight Out
= Total Weight of Gas Out + Weight of Liquid Product 
+ Weight of Dried Spent Catalyst 
+ Weight of Solids 
= 85.99 g Gas Out + 3770.99 g Liquid Product 
+ 71.44 g Catalyst + 1.91 g Solids 
= 3930.33 g Out
C. Weight Percentage of Overall Mass Recovered
= Overall Weight Out inf)0/
Overall Weight In 0
= QU-t- ^ 100^434 5 g In
= 90.46%
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VI. Carbon Mass Balance
A. Weight of Carbon In
= Total Weight of Carbon In in Gas 
+ Weight of Carbon in Liquid Feed
+ Weight of Carbon in Dried Fresh Catalyst
= 0 g C in Gas + 3444.44 g C in Feed
+ 0 g C in Catalyst
= 3444.44 g C In
B. Weight of Carbon Out
= Total Weight of Carbon Out in Gas
+ Weight of Carbon Out in Liquid Product 
+ Weight of Dried Spent Carbon in Catalyst
+ Weight of Carbon in Solids
= 5.709 g C in Gas + 3165.48 g C in Liquid Product
+ 0 g C in Catalyst + 0 g C in Solids
= 3171.19 g C Out
C. Weight Percentage of Carbon Recovered
Weight of Carbon Out ,nn
Weight of Carbon In
- 3171.19 g C Out lon£.
3444.44 g C In x iUUo
= 92.07%
